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PREFACE 


The  development  and  Investigation  covered  In  this  report  were 
conducted  under  the  authority  of  Task  8M76-0U-001-C^  (formerly 
8-76-OU-IO9)  •  A  copy  of  the  project  card  Is  Inclvided  In  Appendix  A. 

Execution  of  the  research  study  reported  was  conducted,  under 
contract  with  the  Ihilverslty  of  Maryland,  hy  W.  J.  Hviff,  Senior 
Investigator;  D.  T.  Bonney,  Research  Supervisor;  and  V.  L.  Monson, 
L.  J.  Reid,  and  M.  Schreiner,  Jr.,  Reseaurch  Engineers  of  the  Depart¬ 
ment  of  Chemical  Engineering.  Engineering  tests  and  evaluation  were 
conducted  by  J.  E.  Malcolm,  PrinclpaJL  Project  Engineer,  and  B.  E. 
Caiq)er,  Senior  Project  Engineer,  with  the  coUaboxatlon  of  A.  R. 
Wmiams,  Materials  Engineer,  at  USAERDL. 
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SUMMARY 


This  report  covers  development  and  engineering-test  phases  for 
water  additive  charges,  antifreeze,  fire  extinguisher,  lithium/ 
calcium  chloride  hue.  The  report  summarizes  literature  surveys 
and  laboratory  tests  made. 

It  Is  concluded  that: 

a.  A  solution  having  20.0  percent  calcium  chloride  (CaCl2), 
8.8  percentellthlum  chloride  (LlCl),  and  71.2  percent  water  (H2O) 
composition  on  a  weight  basis  and  having  a  density  of  1.226^  at  20° 

C  (68°  F)  Is  satisfactory  as  a  candidate  antifreeze  salt  for  winter¬ 
izing  water  to  minus  65°  F. 

b.  Sodlvmi  chromate  at  a  concentration  of  1,0^0  mg  per  liter 
of  solution  effectively  Inhibits  the  corrosive  effect  of  the  above 
salt  solution  on  alimlnum,  steel,  brass,  zinc,  magnesium,  and  copper 

c.  Llthlvm-chlorlde  solutions  (approximately  23  percent  LlCl 
by  weight  In  water)  are  effectively  nonfreezing  to  below  minus  65°  F 
and  except  for  higher  cost  axe  as  applicable  for  application  In  anti 
frdeze  charges  as  the  CaCl2  LlCl  mixture  In  solution  with  water. 

d.  Dry  packaging  of  salt  charges  Including  the  Inhibitor  Is 
fesislble. 
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DEVKLOPMKHT  AWD  MQIWBBRIWG  TBOT  RgPORT. 
CHARQE8.  AMTIFRKBZB.  PIRB  mmoOlSHBR. 
LITHIW/CALCIllM  CHLORIDE  BASE 


I.  imCDW3TION 

Subject.  This  report  covers  development  and  engineering- 
test  phases  for  vater  additive  chargee j  antifreeze,  fire  extinguish¬ 
er,  llthium/calclum  chloride  base. 

Backgroiand.  Calclvan  chloride  charges  are  currently  used 
to  render  water  nonfreezing.  Calcium  chloride,  however,  only  rend¬ 
ers  water  nonfreezing  down  to  minus  F  (C).  The  overall  military 
operational  ten^rature  range  extends  from  minus  6^^  F  (minus 
53*9°  C)  to  plus  155®  F  (T3*9°  C).  Water  Is  the  most  effective  and 
readily  available  eigent  for  extinguishing  Class  A  combustible  fires 
(solid  material  fires  Including  those  In  paper,  clothing,  wood,  and 
plastics).  There  Is,  therefore,  a  critical  requirement  for  render¬ 
ing  water  suitable  for  fire  extinguishment  in  Arctic  climates.  Siib- 
project  8-76-OU-IO9  (currently  Task  8M76-04-001-02),  Water  Additives, 
Fire  Fighting,  was  undertaken  to  investigate  all  phases  of  Inqprovlng 
the  effectiveness  of  water  In  fire  fighting.  The  development  cov¬ 
ered  by  this  report  coiq>rlsed  one  phase  of  the  overall  subproject 
objective.  In  this  program,  consideration  was  given  to  means  of  en- 
hauiclng  the  inherent  effectiveness  of  water  as  a  flre-extingulshlng 
agent.  In  the  work  reported  here,  however,  the  critical  requirement 
for  minus  69°  F  operational  suitability  was  held  i>eLramo\int . 

3.  Development  Objectives.  Since  the  suibproject  concerned 
additives  in  general  for  improvement  of  water  for  fire  fighting, 
specific  requirements  for  the  antifreeze  charges  were  as  follows: 

a.  The  cheurges  shall  not  detract  from  the  extinguishing 
ability  of  water  emd.  Insofar  eus  possible,  liiq)rove  the  effectiveness 
of  water  for  extinguishing  fire. 

b.  When  properly  mixed  with  water,  the  charges  shall 
render  water  nonfreezing  down  to  minus  65°  F  (minus  53*9®  C)  and  be 
suitable  for  use  and  storage  ^or  extended  periods  of  time  at  t^iper- 
aturas  of  from  minus  65°  P  (ml^us  53*^  C)  to  plus  155®  F  (73. ^C). 

c.  ^  When  properly  mixed  with  water,  the  charges  shall 
render  water  no  more  viscous  at  minus  65®  F  (minus  53  >9®  C)  than 
SAE  30  lubricating  oil  at  63®  F  (20°  C)  room  tenqperature . 

d.  When  properly  mixed  with  water,  the  charges  shall 
render  water  no  more  corrosive  than  the  current  inhibited  calcium- 
chloride  antifreeze  charges. 
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e.  The  charges  shall  be  essentially  odorless  when  mixed, 
with  water. 

f .  When  properly  mixed  with  water,  the  charges  shall 
render  water  no  more  toxic  or  Irritating  than  the  current  Inhibited, 
calclm-chlorlde  antifreeze  charge. 

g.  The  chargee  shall  be  easily  packaged  amd  stable  for 
extended  periods  of  shelf  storaige. 

h.  The  charges  shall  be  readily  available  at  a  reason¬ 
able  cost  to  the  Government. 

1.  The  charges  shall  be  reliable  and  suitable  for  troop 
use  while  not  requiring  extensive  apparatus  or  equipment  for  use. 

4.  Approach .  A  contract  was  awarded  to  the  University  of 
Maryleuid,  with  Dr.  W.  J.  Huff  as  Senior  Investigator,  to  study  the 
literature  pertinent  to  the  problem  emd  to  Investigate  promising 
salt  formulations.  Previously,  a  study  made  at  the  USAERDL  Materi¬ 
als  Laboratory,  with  Newell  Blackburn  as  principal  investigator, 
showed  that  lithium  chloride  had  promise  as  an  engine -coolant  anti¬ 
freeze  (l) .  Attention  of  the  Uhiversity  of  Maryland  team  was  called 
to  results  of  the  USAERDL  Investigation,  and  lithium  chloride  was 
included  as  a  material  for  study  under  their  program.  Following 
this  program.  In  which  a  candidate  formulation  was  chosen  (2),  engi¬ 
neering  tests  euid  investigation  of  packaging  techniques  were  con¬ 
ducted  at  USAEEIDL. 


II.  TECHNICAL  LITERATURE  SURVEY 

5.  Free z Ing -Po Int  Depre s semts .  Examination  of  the  pertinent 

technical  literature  at  the  Ifoiversity  of  Maryland  disclosed  rela¬ 
tively  few  nonflammable  substances  that  In^rt  the  desired  freezing- 
point  lowering  to  water.  Tables  I  and  II  include  all  repoirted  Inor¬ 
ganic  substances  having  eutectics  with  water  below  minus  40°  F.  All 
pertinent  fire-extinguisher-charge  and  euitifreeze-solution  formula¬ 
tions  composed  principally  of  Inorganic  components  reported  In  the 
patent  and  technical  literatxire  reviewed  are  also  included.  The 
tables  list  compounds  that  are  obviously  unsulted  for  the  piirpose  at 
hsuid  d\ie  to  their  physical  as  well  as  chemical  natvire.  The  tables 
Indicate  that  althou^  a  large  freezing-point  lowering  Is  possible 
with  a  few  compounds,  the  extremely  acid  (or  alksline),  corrosive, 
or  toxic  nature  of  the  binar^’  mixtures  obtained  would  In  every  case 
be  contrary  to  fulfillment  of  other  military  requirements.  General¬ 
ly,  it  appears  In  these  compounds  that  the  greater  the  eutectic  low¬ 
ering,  the  more  strongly  acidic  (or  basic)  the  substsuicej  the  re¬ 
verse,  however,  Is  not  usually  true.  Of  those  substances  giving 


Table  I.  Freezing-Point  Depressants 
for  Binary  Aqueous  Systass 
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System 

Eutectic 

Freezing 

Point 

^®Fi 

Weli^t 

Concen¬ 

tration 

(i) 

Data 

Source 

Remarks 

Chromic  acid 
(Cr03) 

-2U7.5 

60.5 

(3) 

- 

Anmonla  (BH3) 

-142 

32.0 

(3) 

- 

Lithium  Iodide 
(Lll) 

below 

-132 

over 

51 

(4) 

- 

Beryllium  nitrate 
(Be(N03)2) 

below 

-130 

over 

38 

• 

(4) 

- 

l^drochlorlc  acid 
(HCl) 

-122 

24.4 

(3) 

- 

Phosphoric  acid 
(H3PO4) 

-122 

62.4 

(3) 

- 

Selenlc  acid 
(H2Se0i^) 

-117.5 

47.8 

(3) 

- 

Pyro  phosphoric 
acid  (Hj^PgOY) 

-104 

59.1 

(3) 

- 

Sulfuric  acid 
(H2SO4) 

-104 

37.9 

(3) 

- 

Cyanic  acid  (HCNO) 

-102 

83.54 

(4) 

- 

Lithium  chloride 
(LiCl) 

-88 

28 

(5) 

- 

Potass  linn  * 
hydroxide  (KOH) 

-85.5 

30.7 

(3) 

- 

Hydrobromlc  acid 
(HBr) 

-85 

38.2 

(3) 

- 

Cobaltovis 

perchlorate 

-81 

Not 

given 

(3) 

- 

(Co(C10i^)2) 
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•  Table  I  (cont'd) 


Perchloric  acid 
(HCIO4) 

-80.5 

41.6 

(3) 

• 

Zinc  chloride 
(ZnCl2)  • 

-80.0 

51 

(3) 

29.9|t  08010-511^ 
ZnCl2-H20  (6). 

System  Investigated  at 
-50° ,*-70  and  -100°  C 

Sodium  lcu:tate 
(Na(C3H503)) 

helow 

-77 

(7) 

50jt  solution  not  solid 
at  -77°  F  (8). 

Sodium  lactate/sodlum 
carbonate  system  pro¬ 
posed  as  antifreeze 
solution  (9) . 

Arsenic  acid 
(H^AsOij^) 

-76 

68.8 

(3) 

- 

Iron  chloride 
(FeCl3) 

-68 

33 

(3) 

- 

Aluminum  chloride 
(AICI3) 

-68 

25.2 

- 

Cadclum  chloride 
(CaCl2) 

• 

-60.3 

32.3 

(3) 

CaCl2  -2^l2-H20  in¬ 
vestigated  at  -100°  C 
(-148°  F)  (6). 

3  to  4  oz.  of  K2CO0 
added  to  10^  CaCl2  to 
form  2^  gal.  noncorro- 
slve,  Qonfreezlng  fire 
extinguishing  charge  (lO). 
32  oz.  CaCl2  &  7  oz. 

AICI3  in  1  gad..  H2O  forms 
fire  extinguishing  charge 
which  is  liquid  at  -45°  F. 
Glycerol  &  penetrating 
oil  may  he  added  (U). 

^  CaCl^  &  sodium 
thiosulfate  with  1  teasp. 
tajrbarlc  acid  form  1  gal. 
antifreezing  fire  charge 
(12) .  Glycol  or  Glycerol 
may  he  added  to  >CaCl2 
solution  to  produce  anti¬ 
freeze  solution  (13). 


Table  1  (cont*d) 
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Calcium  chloride  CaCl2^(0Cl2-H2O  soln. 

(CaCl2)  (cont'd)  of  22.2°  Be  density  can 

be  cooled  to  -62^  F 
without  solidification 
(14). 


Lithium  azide  -53*^ 

(LIN3) 

26 

(4) 

Potassium  sulfite  -^0.2 
(K2SO3) 

51.2 

(3) 

- 

Lithium  bromide  •  below 
(LlBr)  -1^9 

over 

33 

(4) 

- 

Nitric  acid  (HNO3)  -46 

32.5 

(3) 

- 

Cupric  chloride  -39*5 

(CVCI2) 

37.1 

(3) 

- 

Llthlm  chlorate  -39*5 
(LICIO3) 

37.0 

(4) 

- 

Table  II.  Freezing-Point  Depressants 
for  Coo^lex  Aqueous  Systems 


System 


Freezing 


Point 


Data 

Source 


Remsurks 


Alkali  metsil  salts  -  -  SaJ.t  of  lactic  acid  Is  an 

of  orgsmlc  hydroxy  Important  Ingredient.  Such 

acids  sedts  surpass  the  action  of 

glycerine  as  a  freezing- 
point  depressant.  Salts  of 
sJJcall  metals  sind  alkall- 
esurth  metals  may  be  mixed 
with  Intention  of  the  desir¬ 
able  properties.  Such  solu¬ 
tions  are  noncorrosive  (8). 


Not  solid  (6)  Antifreeze  electrolyte  for 
at  -l48  dry  cells. 


Calcium  chloride/ 
zinc  ^  chlorlde/water 
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Table  II  (cont'd) 


10  pints  amnonla 
acetate,  2  pints 
sodium  blcaurbonate, 

30  pints  water, 

10  pints  glycerol 

Patented  fixe  extlngvilsher 
charge  with  freezing-point 
lowering  (15). 

Calcium  chloride/ 
potassium  carbonate/ 
water 

Not 

given 

(a)  3-4  oz  K^CO^  added  to 
lOff^  CaCl2  In  order  to 
reduce  acidity  (lO). 

(b)  Patented  flre- 
extln^sher  charge. 

Potassium  carbonate 
3*<-*+25t,  glycol 
chromate  water 

Below 

-ho 

(16) 

Patented  as  antifreeze  fire 
flre-extlngulshlng  charge. 
Chromate  added  sis  corrosion 
Inhibitor  (16). 

Potass  loan  carbonate/ 
concentrated 
potassium  hydroxide 
solution/water 

Not 

given 

Patented  antifreezing  flre- 
extlngulshlng  charge  (I7). 

Thlocyanate/water/ 
sodium  bicarbonate 

- 

- 

Patented  flre-extlngulshlng 
charge  (18). 

Potassium  thiocyanate/ 
sodium  blc. /water 

- 

- 

Patented  flre-extlngulshlng 
charge  (19). 

Sodium  carbonate/ 
sodlm  lactate 
glycerol/water 

— 

- 

Patented  flre-extlngulshlng 
charge  (19). 

Sodium  carbonate/ 
potass  l\am  carbonate/ 
glycol/water 

Not 

given 

- 

Patented  flre-extlngulshlng 
charge  (20). 

5»53  gm  sodlvim  carb¬ 
onate,  76  gpm  sodium 
acetate,  100  cc  water 

About 

-58 

(21) 

Pasty  at  -32°  F  bux  fluid  at 
room  temperature  (21). 

Alkali  metal  chloride/ 
alkali  metal  carbo¬ 
nate/water 

Patented  flre-extlngulshlng 
charge  (22). 

Protein  base  foam 
lithium  chloride  as 
antifreeze  agent 

-50 

£Ea}L 

Finding 

Fire  extinguisher  foam. 
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extreme  depressions,  oxy-aclds  are  In  the  majority;  ammonia,  how¬ 
ever,  gives  the  second  greatest  lowering  Ibund. 

6.  Antifreeze -Charge  Components.  Tables  I  and  II  include 
many  complex  and  patented  fire -extinguishing  charges  that  are 
claimed  to  be  fliild  at  low  tmuperatures .  In  the  patents  covering 
these  charges,  tenqperatures  of  minus  yP  F  are  considered  low. 
Therefoire,  unless  the  conqponents  themselves  warranted  further  in¬ 
vestigation,  such  patented  solutions  were  not  investigated.  Solu¬ 
tions  of  the  alkali  metal  salts  of  the  organic  hydroxy  acids  were 
found  to  be  extremely  viscous  at  low  tenqperatvires  and  were,  there¬ 
fore,  not  extensively  investigated.  Those  antifreeze  systems  which 
depended  on  liquid  conqponents  were  rejected  because  of  the  peuskaging 
requirements  and  flaimnabillty  of  organic  llqulde  present  in  hl^ 
concentrations.  Systems  which  depend  on  hazardous  oxidants  such  as 
chlorates  and  poor  to  mediocre  freezing-point  depressants  svich  as 
the  thiocyanates  of  sodium  and  potassium  were  also  rejected.  Of  the 
complex  systems  listed  in  Table  II,  none  of  the  patented  fire- 
extinguisher  cheurges  appear  to  be  applicable  at  minus  6^  F  and  only 
the  antifreeze  solution  consisting  of  calcium  chloride  and  zinc 
chloride  seems  to  have  been  investigated  at  extremely  low  tempera¬ 
tures  .  The  carbonates  have  generally  been  used  either  with  organic 
depresseuits  or  strong  bases  such  as  potsusslum  hydroxide.  Following 
is  a  discvussion  of  the  carbonates  of  potassium  and  ammonia  as  com¬ 
ponents  for  an  antifreeze  charge. 

a.  Potassium  Carbonate .  In  order  to  pz*oduce  a  nonfreez¬ 
ing  solution  of  potassium  carbonate,  the  eutectic  temperature  in  the 
system  K^CO^/water  must  be  depressed  31°  F  lu  order  to  reach  minus 
65°  F.  S\ibstances  which  are  capable  of  such  depression  without  pre¬ 
cipitation  of  caurbonate  ion  are  potassium  hydroxide  auid  asnonla. 

The  strong  bases  and  strong  acids  were  rejected  at  the  beginning  of 
this  research  beca\ise  of  their  toxicity.  However,  there  is  no  doubt 
that  solutions  freezing  below  minus  65^  F  can  be  prepared  fraa  mix¬ 
tures  of  potassium  hydroxide  with  other  salts. 

b .  Ammonium  Bicarbonate  (HHi4.HC0i^) .  Ammonium  bicarbonate 
is  relatively  insoluble  having  a  soxuoility  of  12  grams  per  ICX) 
grams  of  water  at  0°  C.  It  wovild  not  be  esgpected  to  be  a  good  de¬ 
pressant  in  such  low  concentrations.  This  salt  deconqposes  above 
88°  F. 


c.  Ammonium  Carboiiate  (HH4HC0'^*HHhliH2C02) .  The  eutectic 
of  ammionlum  carbonate  wais  found  to  be  14^  F.  The  formula  Is  often 
written  NH4HC03'NH4NH2C02  since  a  solution  contains  no  carbonate 
ions  xinless  nH^OH  is  added,  tmaaaiva  carbonate  readily  deconqxTses, 
losing  ammonia  and  forming  the  bicarbonate.  It,  therefore,  must  be 
stored  in  a  gaistl^t  container.  The  ammonium  carbonates  were  not 
investigated  as  antifreeze  solutions  because  of  the  relatively  low 
freezing-point-depressing  power  and  instability. 


8  • 


7.  Additive  EffectlvexieBS  for  Wood  Flrea.  The  literature 
search  revealed  three  articles  In  which  the  z^sults  of  an  Investiga¬ 
tion  of  the  efficiency  of  additives  to  water  for  the  extinction  of 
wood  fires  are  described.  The  authors  of  these  three  articles  are 
L.  Metz  (23),  H.  D.  Tyner  (2U),  and  J.  Bryan  and  N.  D.  Smith  (25). 

In  the  discussion  by  Metz,  refeirence  Is  made  to  the  results  of 
C .  D .  Maglrus  (26) .  The  applicability  of  salt  solutions  for  ex¬ 
tinguishment  of  wood  fires  was  discussed  (7,  l4,  and  27)  In  a  gen¬ 
eral  manner.  In  most  Instances,  only  ceLLclum  chloride  was  named  as 
an  agent.  L.  E.  Wise  and  E.  C.  Jahn  (28)  In  their  book  "Wood  Chem- 
Istzy"  mention  that  the  ammonium  phosphates  are  superior  flre- 
retardlng  agents.  Patented  flre-extlngulshlng  mixtures  idilch  were 
also  claimed  to  be  freezing-point  depressants  are  given  In  Tables 
I  and  II. 


a.  Procedvure .  Laboratory  01  small-scale  ax^aratus  was 
employed  by  the  authors  cited  above  (23-25).  The  testing  procedure, 
basically  t^e  same  In  aJJ.  three,  consisted  of  Igniting  and  burning 
a  standard  wood  crib  In  a  specific  manner;  either  water  or  salt 
solution  was  then  sprayed  until  all  glowing  had  disappeared,  and 
the  volume  of  solution  used  and/or  the  time  required  for  extinction 
was  noted.  The  procedures  and  apparatus  were.  In  each  case,  such 
that  all  pertinent  factors  remained  constant  (or  were  controllable). 
The  effectiveness,  or  sviperlority  factor,  was  determined  by  dividing 
the  amount  of  water  required  to  extinguish  the  fire  by  the  amount  of 
solution  required  to  produce  the  same  effect.  A  more  complete  de¬ 
scription  of  the  apparatus  and  procedures  is  found  in  paragraph  13. 

The  compounds  listed  In  Table  III  have  been  reported 
as  being  capable  of  increasing  the  effectiveness  of  water.  An 
examination  of  the  complete  tabulations  presented  In  the  references 
cited  discloses  some  disagreement  about  the  effectiveness  of  some 
salts  (such  as  calcium  chloride,  sodium  acetate,  and  zinc  chloride). 
It  Is  believed  that  these  apparent  dlscrepencles  arise  from  three 
sources:  first,  the  number  of  con^unds  tested;  second,  the  nature 
of  the  compounds  tested;  and/or  third,  the  concentration  of  the 
salt  solution. 


b.  Conclusions .  The  following  conclusions  became  appar¬ 
ent  after  the  literature  was  studied: 

(1)  In  all  caises,  where  Investigated,  phosphoric 
acid,  dlanmonlim  hydrogen  pltosphate,  and  ammonium  dihydrogen 
phosphate  proved  to  be  most  effective  and  were  generally  con¬ 
siderably  superior  to  the  next  best  substance.  Sv^erlorlty  Is 
very  apparent  In  dilute  solutions,  O.5  to  5*0  percent. 

(2)  The  Inorganic  sctlts  of  ammonia,  in  general,  show 
the  most  effective  extinguishing  properties.  Otherwise,  there 
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Table  III.  Con^unds  Reported  as  Water  Additives 
Having  Effective  Action  on  Wood  Fire  (Total  Extinction) 


C^npoimd^ 

Maglrus 

(26) 

Metz 

(23) 

Tyner 

{2k) 

Bryan  & 

Smith  (25) 

Ananonlum  chloride  -  NHj^Cl 

- 

- 

• 

Dlannonlum  hydrogen  phosphate  - 

* 

Amnonlvm  dlhydrogen  phosphate  - 

• 

»(L) 

# 

Anmonlum  sulphate  -  (NHi^)2S0i^ 

- 

‘(H)” 

- 

Ammonium  salts  In  general 

- 

- 

- 

Boric  acid  - 

- 

- 

*(L) 

- 

Calclim  chloride  -  CaCl2 

* 

* 

Lithium  chloride  -  LlCl 

- 

- 

*(H) 

- 

Magnesium  chloride  -  MgClg 

- 

- 

*(H) 

- 

Phosphoric  acid  -  H^POi^ 

- 

- 

*(L) 

- 

Potass  Im  acetate  -  KC2H2O2 

- 

- 

*(H) 

- 

Potassium  carbonate  -  KgCO^ 

* 

- 

*(H) 

- 

Potsksslum  oxalate  -  KHC20i|^ 

- 

- 

- 

Water  glass 

- 

- 

- 

Zinc  chloride  >  ZnCl2 

- 

- 

*(H) 

- 

Number  of  con^unds  Investigated: 

8 

10 

33 

15 

NOTES: 

a.  Asterisk  denotes  compovmd  reported  effective. 

b.  L  »  low  concentration,  2  to  ^  percent. 

c.  H  s  high  concentration,  23  percent. 
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appears  to  be  no  correlation  between  ions  euid  effectiveness, 
but  the  e]Q>erlmental  programs  reported  in  the  literatuz^  were 
not  established  in  such  a  manner  as  to  reveal,  any  such 
correlation . 

(3)  It  appecurs  that  almost  any  Inorganic  salt  in 
the  concentration  range  of  about  20  percent  will  Increase  the 
effectiveness  of  water  in  extinguishing  wood  fires. 

(^)  No  conclusions  can  be  reached  concerning  organic 
conqpounds  and  their  derivatives.  Although  liner's  data  shows 
that  some  organic  acids  and  their  salts  (an  exception  being  po¬ 
tassium  acetate)  were  generally  less  effective  them  water  alone 
.1'^  is  doubtful  because  of  the  small  nuniber  en^loyed  that  this 
finding  can  be  extended  to  ell  organic  acids  (and  cos^unds) 
and  their  salt  derivatives.  Various  orgeuilc  ccmqpounds  have 
been  reported  as  constltueifts  in  patented  fire  charges  and  fire 
preventing  solutions  to  be  applied  to  wood. 

(^)  Although  Metz,  Tyner,  and  Bzyan  and  Smith  chose 
their  chemical  solutions  with  the  requirements  for  an  ideal 
additive  in  mind,  it  is  possible  that  some  compound  deviating 
greatly  from  these  requirements  could  be  found  which  is  even 
more  efficient  than  the  ammonium  phosphates;  however,  such  a 
Compoxmd  would  not  be  applicable  for  general  usage. 

c.  Variables .  The  following  ^mlrlables  have  been  found 
to  affect  the  efficiency  of  an  additive: 

(1)  Concentration  of  Chemical.  Both  Tyner  and  Bryan 
and  Smith  investigated  concentration  of  the  chemical  completely 
Their  results  agree  and  show  that  for  the  more  efficient  addi¬ 
tives  the  greatest  percentage  of  the  increase  in  effectiveness 
occurs  in  solutions  more  dilute  than  5  percent.  The  superior¬ 
ity  factor,  however,  seems  to  decrease  below  the  maximum  value 
at  hi^  salt  concentrations.  Evidently,  a  concentration  is 
reached  \rtiere  the  increase  in  fire-fighting  ability  by  the 
addition  of  a  salt  is  counterbalanced  by  the  loss  in  evapora¬ 
tive  cooling  resulting  from  the  displacement  of  water. 

(2)  Rate  of  Application.  Rate  of  application  is 
extremely  lnqpoziant .  Tyner  indicated  and  Bryan  and  Solth  de¬ 
termined  the  relationship  between  rate  of  application  and  the 
effectiveness  of  any  agent.  For  any  given  fire  emd  at  a  rela¬ 
tively  high  sprsylng  rate,  there  will  be  little  difference  in 
effectiveness  between  water  and  salt  solution.  However,  as  the 
rate  of  delivery  is  decreased,  a  much  greater  Increase  in  the 
total  amount  of  water  is  reqvilred  than  for  the  sdt  solution, 
thereby  increasing  the  svqperlority  factor.  Finally,  a  rate  of 
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application  is  reached  vhere  the  solution  viU  never  extinguish 
the  fire.  It  is  at  the  lover  rates  of  application  ^ere  addi¬ 
tives  show  their  maximum  effectiveness. 

(3)  Wind  Velocity.  Tyner  found  that  the  si^qperlority 
of  an  ammonium  dlhydrogen  phosphate  solution  over  water  is 
greater  with  moderate  wind  velocities  than  at  zero  wind  velo¬ 
city.  This  relationship  may  he  extended  to  all  extinguisher 
solutions . 


d.  Effect  on  Wood.  The  effect  of  these  additives  on  the 
VDOd  Itself  was  not  determined  (nor  even  mentloiMd)  hy  the  above 
investigators .  It  has  been  reported  that  dry-rot  can  be  caiised  by 
the  hygroscopic  propexties  of  calcium  chloride  when  lo^regnated  in 
wood  (19).  It  is  also  knovn  that  many  Inorganic  salts  (i.e.,  zinc 
chloride)  embrittle  wood  and  cause  serious  deterioration  in  strength. 
The  more  concentrated  the  solution  applied,  the  greater  the  effect. 

It  is  believed,  however,  that  the  agents  en^loyed  in  fire  retardants 
have  no  appreciable  effect  on  wood  (2d) . 

It  is  possible  that  further  investigation  stlong  this 
line  would  show  that  the  adverse  effect  of  em  agent  on  wood  would  be 
enoxigh  to  discourage  its  use.  IMfavorable  action  on  wood  becomes 
more  In^rtant  as  the  size  of  the  equiiment  Increases  or  as  the  de¬ 
livery  efficiency  (the  ratio  of  total  solution  pumped  to  that  which 
reaches  the  flammable  area)  becomes  less. 

e.  General.  The  German  authors  seem  to  believe  that  it 
is  not  economical  to  employ  additives.  Metz  concltides  that  xml^ss 
there  is  a  shortage,  of  water,  additives  are  not  woirth  the  Increased 
expense  euid  the  extra  effort  required  to  Inhibit  corrosion.  No 
large-scale  tests  have  been  reported,  however,  from  Germany. 

To  obtain  a  broader  picture,  the  American  Forest 
Prodiicts  Laboratory  enqployed  the  better  agents  found  by  Tyner  to 
extend  his  laboratory  work  to  fairly  large-scale  outdoor  fires  in¬ 
volving  various  types  of  wood  and  brush.  This  work  is  described  by 
Truax  (29),  who  presents  the  following  conclusions: 

Whenever  there  is  an  abundant  siqpply  of 
water,  chemicals  are  not  considered  to  have  any 
worth^ile  application,  but  if  there  is  a  scarc¬ 
ity  of  water,  chemical  additives  may  yield  im¬ 
portant  advantages.  The  use  of  these  agents  is 
probably  applicable  in  the  early  stages  or  ini¬ 
tial  stages  of  attack  on  forest  or  brush  fires, 
lumber  yard  fires,  etc.,  through  the  use  of 
back  packs  and  sm^l  takers.  They  have  little, 
if  any,  application  to  large  fires. 


12 


t 


The  British  also  extended  their  laboratory  research. 
E.  H.  Coleman  (30)  described  observations  of  the  effect  of  anmonlum- 
dlbydrogen-phosphate  solution  on  model  large-scale  fires  and  conven¬ 
tional  fires  fought  with  regular  fire  equipment.  Because  of  varia¬ 
ble  conditions  (such  as  wind  velocity,  type  and  arrangement  of  mate¬ 
rial,  size  of  fire,  and  method  of  spraying),  the  determination  of 
conclusions  was  difficult.  Coleman  concluded  that  the  most  Import¬ 
ant  and  practical  application  of  additives  Is  their  \ise  In  small 
appliances  where  the  rate  of  delivery  Is  generally  low  relative  to 
the  size  of  the  fire  and  where  the  effective  delivery  Is  large. 

Since  the  ability  of  small  fire  extinguishers  often  determines  vhe- 
'Uier  a  small  fire  Is  extinguished  or  whether  It  continues  on  to  be¬ 
come  a  major  one.  Increasing  of  the  capacity  of  these  appliances  by 
salt  aiddltlons  would  be  economical  partlculeurly  In  those  Instances 
^ere  the  maximum  capability  of  the  existing  water  Is  approached. 
Since  In  large  fires  the  rate  of  delivery  Is  always  at  a  maximum 
and  great  wastage  Is  present,  additives  give  no  advantage  over  wa¬ 
ter.  Construction  features  such  as  brickwork  and  steel  beams  also 
decrease  the  relative  effectiveness.  Any  shortage  of  water  may  en¬ 
able  the  use  of  additives  when  they  would  not  otherwise  be  used. 

Metz  (23),  Tyner  (24),  and  Bryan  and  Smith  (25) 
described  apparatus  that  was  used’  In  determining  the  effectiveness 
of  additives'  'to  water  for  the  extinguishment  of  celluloslc  fires . 
Folke,  et  al  (31)  also  reported  a  test  procedure  for  Investigating 
the  factors  Involved  In  the  extinction  of  wood  fires  with  water. 

The  primary  requirement  Is  a  standard  reproducible  fire  burning 
under  controllable  conditions. 

8.  Theoretical  Aspects  of  Freezing-Point  Depression. 

a.  Anion  and  Cation  Effects.  The  effects  of  the  anion 
and  cation  on  solubility  and  freezing-point  depression  are  arranged 
by  Traube  (32)  in  "the  following  manner: 

(1)  Solubility. 

Nltrate‘>  Chlorate  >  Iodide  >  Bromide  >  Chloride 
Hydroxide  >  Sulfate  >  Carbonate 

Hydrogen  >  Cesium  >  Rubidium  > Ammonium 
Llthl\mi'>  Potass  lum'>  Sodium 

(2)  Freezing-Point  Depression. 

Nitrate  <  Thiocyanate  <  Chloride  <  Bromide  <  Iodide 
Cesium <  Rubldlimi  <  Potassium  < Sodium  <  Lithium 


13 


Since  thla  arrangement  Is  only  general,  it  cannot  "be  used  to  predict 
the  actual  freezing  point  of  any  given  cooq?ound  dissolved  In  water. 
This  listing  does,  however.  Indicate  those  combinations  of  chemicals 
that  have  been  tried  in  the  past  and,  more  or  less,  the  freezing- 
point  lowering  to  be  expected  upon  eag>ljoylng  them  In  the  futuze. 

b.  Surface-Twislon  Correlation.  A  correlation  between 
freezing-point  depression  and  change  In  ‘surface  tension  was  noted  by 
S.  C.  Bradford  (33)  as  a  result  of  develo|mient  of  his  molecular 
theory  of  solution.  On  analysis,  It  appears  that  Bradford's  contri¬ 
bution  was  mainly  to  emphasize  the  broad  la^rtance  of  Inter-  and 
Intra-molecular  forces  In  determining  properties  of  solutions.  The 
equations  developed  can  be  applied  In  a  qualitative  way  to  explain 
some  general  aspects  of  freezing  behavior  and,  as  shown,  surprising¬ 
ly  good  correlations  are  observed  In  the  case  of  relatively  dilute 
solutions .  There  Is  no  obvious  method  of  even  qxialltatlvely  extend¬ 
ing  Bradford's  theory  to  the  present  case  of  very  concentrated  solu¬ 
tions  of  three  or  more  cong>onents. 

c.  Observations  of  E.  Kordes.*  E.  Kbrdes  (3^)  attcusked 
the  more  general  problem  of  correlating  eutectic  behavior  of  mlx- 
txues  by  grouping  together  data  frcgn  the  following  classes  of  sub¬ 
stances;  molecular  con^iounds,  ternary  electrolytes,  binary  electro¬ 
lytes,  and  monatomic  elements.  He  defined  the  following  quantities: 

fusion  tenq>erature  of  higher  melting  coiiq)onent. 

fusion  teiiq>ezature  of  lower  melting  conq)onent. 

eutectic  ten5)erattjre. 

eutectic  freezing-point  lowering  for  con^nent  b. 


eutectic  freezing-point  lowering  for  component  a. 


common  eutectic  freezing-point  lowering. 

Kordes  was  able  to  plot  a  series  of  curves  using  as  ordinate  and 

abscissa  ^  and  ^  ,  respectively.  These  parameters  from  each  class 
J-a  •‘■a 

of  siibstances  defined  above  were  found  to  fall,  roughly,  on  charac¬ 
teristic  curves  with  separate  curves  for  mixtures  of  electrolytes 
showing  dissociation  of  one  or  both  components.  The  following  em¬ 
pirical  equation  was  derived  and  summarizes  the  information  contained 
in' the  above-mentioned  plots: 


Ta  = 


Tb.= 


Te  = 


Tb  -  Te 
Tb 


Tb 


Tb  -  Te 
T- 


% 
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O 


log 


k'  log  ^ 


log  k 


(1) 


vhere:  k*  Is  a  constant  characteristic  of  the  class  of  substances 
being  considered. 


k  Is  a  constant,  actually  the  eutectic  lowering  ^Ich  would 
be  found  as  approached  T^. 


An  even  more  useful  relationship  defined  by  Kordes  Is  the  following: 


Ta  - 
Tb  - 


(2) 


where:  and  are  the  mole  fractions  of  components  a  and  b, 

respectively.  In  the  eutectic  mixture. 


It  should  be  noted  that  equation  2  Is  independent  of  whether  two 
metals,  two  electrolytes,  or  two  molecular  compounds  are  mixed; 
for  equation  1,  however,  the  physico-chemical  character  of  the  pure 
substances  mvist  be  known.  However,  the  author  points  out  that  both 
equations  are  restricted  to  use  for  systems  from  whose  fusions  pure 
components  crystallize,  which  show  no  association  or  Inclination 
for  the  formation  of  conipounds,  and  that  consist  of  Ideal  mixtures 
In  the  liquid  state.  In  the  case  of  greatest  Interest,  aqueous 
salt  solutions,  the  equations  developed  by  Kordes  are  of  the  least 
applicability.  This  Is,  In  general,  because  of  association  effects 
and  tendency  toward  hydrate  formation.  Even  in  the  case  of  real 
mixtures  appzx}achlng  ideal  solutions  In  behavior,  the  correlation 
Is  not  exact  and  deviations  of  small  amounts  are  common  \dille  large 
deviations  would  not  be  altogether  uncommon.  In  24  examples  of  the 
application  of  Kordes'  equations  to  salt  and  water  mixtures.  It  was 
shown  that  errors  of  1  to  l4®  F  were  encountered  and  In  the  specific 
cases  of  silver  chloride  and  silver  biromlde  which  (as  Is  well  known) 
are  quantitatively  Insoluble,  a  eutectic  coiiq)osltlon  of  2  percent 
salt  and  a  eutectic  lowering  of  F  were  calculated. 

d.  Observations  of  E.  Tezner.  E.  Tezner  (35)  reported 
the  results  of  some  experimental  work  from  ^Ich  he  concluded  that 
in  aqueous  solutions  of  mixtures  of  electrolytes  and  nonelectrolytes, 
the  net  freezing-point  depression  would  be  expected  to  be  less  than 
the  sum  of  the  parts.  This  fsict  was  attributed  to  the  dissociation 
of  electrolytes  being  less  than  normal  \diich  was  perhaps  partly, due 
to  an  Increase  in  viscosity.  The  difference  Increased  with  Increas¬ 
ing  concentration  of  nonelectrolytes.  The  evidence  was  based  on 
experiments  using  sodium  chloride  and  sodium  sulphate  as  electro¬ 
lytes  and  phenol,  resorcinol,  and  glucose  as  nonelectrolytes. 
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e.  Observations  of  0.  Klein  emd  0.  Svanberg.  0.  Klein 
and  0.  Svanberg  (36)  studied  the  freezing-point  lowering  of  aqueous 
solutions  of  two  salts.  They  defined  the  quantity  d  «  S  -  s 

where:  S  ^  the  observed  depression  of  the  mixture. 

s  =  the  sum  of  the  Individual  depressions. 

d  =  the  difference  between  the  two. 


A  quantity  K  Is  then  K  =  s'  ^ 

Cl  C2 

where:  Ci  and  C2  are  the  concentrations  of  the  two  salts. 

K,  ^Ich  then  GJ.ways  has  the  sign  of  d,  was  originally  supposed  to 
be  a  constant.  However.,  as  the  experimental  work  accompanying  the 
article  showed,  K  may  vary  either  positively  or  negatively  depending 
on  the  concentrations  and  the  nature  of  the  compounds  in  question. 

All  experimental  values  given  by  the  authors  were  for  aqueous  solu¬ 
tions  of  compounds  having  a  common  ion.  Their  results,  however,  are 
limited  to  ternary  systems.  The  con^unds  stiidled  were:  nitric, 
hydrochloric,  hydrobromic,  and  hydriodic  acids;  soditan  and  potassium 
bromide;  iodide;  nitrate  and  oxalate;  sodlvun  nitrate;  sulfate  and 
acetate;  calcium  chloride;  strontium  chloride;  and  copper  sulfate. 
Following  is  a  summary  of  the  conclusions  presented: 

(1)  There  appears  to  be  no  general  rule  in  regard  to 
the  sign  of  the  effect  of  a  salt.  In  several  cases,  the 
freezing-point  lowering  is  smaller  and  in  others  larger  than 
the  sum  of  the  Individual  lowerings.  In  the  case  of  most  elec¬ 
trolytes,  the  effect  is  positive.  A  negative  effect  is  fovind 
in  sulfates,  nitrates,  euid  alkalis. 

(2)  In  mixtures  of  halogen  acids  and  alkali  halogens, 

K  =  s — TT"  and  is  positive  euid  fairly  constant. 

Cl  C2 


(3)  For  alkaline  earth  salts,  K  is  also  positive  but 
increases  with  concentration. 

f.  Thermodynamic  Consideration.  Certain  aspects  of  the 
present  problem  are  clarified  in  a  paper  by  G.  N.  Lewis  (37)  in 
which  he  considers  the  equilibrium  between  liquid  euid  solid  phases 
at  the  freezing  point  of  solutions  in  the  light  of  activity  rela¬ 
tionships  and  x>olnts  out  that  a  eutectic  mixture  of  two  components 
wovLLd  behave  like  a  pure  solvent  on  addition  of  a  third  cosponent  to 
the  freezing  solutions.  He  indicates  the  derivation  of  the  following 
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special  equation  for  this  case: 

Wl  (3) 

where:  »  differential  aoount  of  solute  added  to  eutectic. 

dt  B  change  in  freezing  point  of  eutectic  on  addition  of 
dN^  mols  of  solute. 

R  ■  gas  constant. 

T  >  freezing  tenqperature . 

AH  s  heat  of  fusion  of  eutectic  solid. 

This  general  equation  is  valid  for  addition  of  another 
ccmqponent  to  eutectics  of  any  number  of  conqponents.  This  equation, 
similar  in  form  to  the  well-known  law  of  freezing-point  depressions 
for  dilute  binary  solutions.  Is  Integrable  only  under  certain  condi¬ 
tions.  The  variation  of  heat  of  fusion  with  liquid  conqpositlon  and 
with  tenq>erature  must  be  taken  into- account.  Furthermore,  it  waist 
not  be  forgotten  that  one  is  limited  by  the  solubility  of  the  addi¬ 
tive  in  the  original  eutectic  mixture  as  a  solvent.  This  eqviatlon 
also  assumes  that  the  true  activity  of  the  solute  can  be  replaced  by 
its  mol  fraction  for  calculation.  None  of  these  assunq>tlons  hold 
true  in  concentrated  solutions;  therefore,  no  information  concern¬ 
ing  the  ultimate  freezing-point  depression  achievable  is  obtainable 
from  equation  3« 


The  following  points,  based  on  the  above  discussion, 
are  of  Interest  for  the  freezing-point  investigation: 

(l)  The  eutectic  temperature  of  binary  systems  can 
be  lowered  (at  least  theoretically)  by  an  amount  initially  pro¬ 
portional  to  the  mol  fraction  of  solute  added  to  the  eutectic 
mixture,  but  one  is  not  able  to  ascertain  from  purely  thermo¬ 
dynamic  factors  the  limiting  solubility  or  the  final  lowering 
achieved . 


(2)  Using  the  theory  of  molecular  cohesion  and  adhe¬ 
sion,  one  is  able  to  arrange  ions  according  to  their  relative 
lowering  of  freezing  points  of  pure  svbstances  by  congtarlng 
their  solubility,  effect  on  surface  tension,  an’  other  proper¬ 
ties  of  solutions.  The  proper  arrangement,  however,  inq>lles  a 
knowledge  of  relative  cohesions  and  adhesions  of  all  conqonents 
in  the  mixture  in  question.  Furthermore,  ideal  solution  be¬ 
havior  is  a  requirement  for  the  use  of  Bradford's  equations 


even  In  the  single  (and  not  applicable)  case  of  dilute  binary 
solutions .  •  * 

(3)  The  equations  vhich  have  been  found  by  Kbrdes 
to  connect  melting  points  and  eutectic  conqposltlon  and  tenqper- 
ature  do  not  extend  to  cases  of  interest  to  this  research. 

•  (^)  Althouj^  It  was  reported  that  In  mixtures  of 

electrolytes  and  nonelectrolytes  the  total  depression  is  less 
than  the  sum  of  the  parts,  In  mixtures  of  tvo  electrolytes  In 
ternary  systems  the  depression  may  be  either  greater  or  lees 
than  the  s\an  of  the  individual  lowerings. 

9.  Theoretical.  Aspects  of  Fire  Extinction.  Before  a  discus¬ 
sion  on  the  mechanism  of  additives  Is  presented,  a  brief  description 
of  the  combustion  of  wood  and  the  action  of  water  In  extinguishing 
fires  will  be  given  In  order  to  promote  a  better  understanding  of 
the  subject. 

The  following  description  of  the  combustion  of  wood  Is 
based  on  Information  presented  by  Wise  and  Jahn  (28)  and  Coleman  (30) 

Because  the  ignition  tenqperature  is  higher  than  the  char¬ 
ring  or  decon^sltlon  temperature,  the  combustion  of  wood.  In  real¬ 
ity,  is  the  burning  of  the  products  from  thermal  decomposition. 

These  products  fall  Into  three  categories:  volatile  flaamables 
(combuatlble  gases,  light  and  heavy  vapors,  and  tar  mists);  volatile 
nonflamm£^ies  (steam  and  carbon  dioxide);  and  nonvolatile  flamma- 
bles  (charcoal).  After  the  Initial  stages  of  burning,  the  cross- 
section  of  a  piece  of  burning  wood  (or  celluloslc  material)  can  be 
divided  into  three  sections.  The  first  layeir  consists  primarily  of 
charcoal  from  which  a  small  volume  of  gases  is  distilled.  The  tem¬ 
perature  decreases  from  the  ignition  ten^jerature  of  charcoal  (or 
above)  at  the  surface  to  about  3^°  ^  interface  between  this 

and  the  second  layer  In  which  most  of  the  destructive  decongposltlon 
occurs .  The  temperature  of  the  Inner  boundary  Is  approximately 
2^0°  C,  or  the  tenq>erature  at  which  thermal  deccnqposltlon  begins. 

The  volatile  products  pass  through  the  charcoal  layer  where  they  are 
heated,  mixed  with  the  geuses  distilled  In  this  section,  and  finally 
ignited  with  air.  They  generally  bum  some  distance  from  the  sur¬ 
face  where  there  Is  sufficient  air  for  con^lete  ccHnbustlon.  In  the 
third  layer,  the  moisture  In  the  wood  Is  vaporized.  Since  most  of 
the  heat  of  ccmbustlon  from  the  volatiles  Is  not  available  to  the 
wood  and  the  charcoal  bums  very  slowly  and  dissipates  the  majority 
of  Its  heat  by  radiation,  burning  wood  Is  rarely  able  to  maintain 
Its  Ignition  tempezature  against  the  diffusion  of  heat  Inward. 
Therefore,  the  combustion  of  wood  requires  constant  or  repeated  ap¬ 
plication  of  heat  from  8<nne  outflde  source,  usually  other  burning 
objects.  The  ccmbustlon  of  wood  depends  on  many  variables  such  as 
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size,  shape,  position,  moisture  content,  specific  gravity,  arrange* 
nent,  air  supply,  and  confining  walls. 

Bryan  and  Smith  concluded  that  the  resistance  of  humlng 
wood  to  extinction  depends  more  on  Its  tenqperature  than  on  the  rate 
at  which  It  Is  generating  heat.  They  found  that  although  the  rate 
of  humlng  or  heat  generation  is  the  greatest  during  the  Initial 
stages  of  humlng,  the  time  required  for  extinguishing  Increased  as 
the  time  of  humlng  Increased.  The  following  explanation  was  pro¬ 
posed:  The  major  part  of  the  heat  evolved  In  the  Initial  stages  of 
comhustlon  Is  due  to  the  humlng  of  volatiles  distilled  from  the 
surface  layer.  Because  these  volatiles  hvtm  at  a  distance  away  from 
the  wood,  most  of  their  heat  of  comhustlon  Is  dissipated  hy  convec¬ 
tion,  although  In  a  typlced  propagating  fire  this  comhustlon  aids  In 
supporting  the  combustion  of  another  piece  of  material.  Therefore, 
the  humlng  material  Is  still  at  a  low  temperature  level  and  can 
easily  he  extinguished.  The  small  amount  of  heat  which  la  ahsorhed 
(or  the  heat  from  another  humlng  area)  gradually  diffuses  Into  the 
wood,  liberating  more  volatiles,  hut  at  a  diminishing  zate  heca\ise 
of  the  slowness  In  the  conduction  of  heat.  This  decrease  In  the 
production  of  combustlhle  volatiles  causes  the  Intensity  of  flaming 
and  the  liberation  of  heat  to  diminish  slowly  with  time.  During 
this  period,  the  reslstemce  to  extinction  Increases  slightly  hecavise 
of  the  slow  rise  In  ten5)erature .  When  the  decrease  In  flaming 
allows  access  of  air  to  the  charcoal,  the  charcoal,  begins  to  glow. 
The  calorific  value  of  charcoal  is  much  higher  than  that  of  the 
volatile  substances  and,  moreover.  Its  heat  of  combustion  is  liber¬ 
ated  directly  In  the  surface  layers.  Therefore,  at  this  point  in 
the  comhustlon  process,  a  greater  proportion  of  the  heat  being 
evolved  is  ahsorhed  hy  the  wood  and  the  temperature  of  the  charcoal 
layer  is  raised  rapidly.  Not  only  does  the  extinction  resistance 
rapidly  Increase  hecavise  of  the  Increase  in  the  sensible  heat  con¬ 
tent,  hut  the  Increase  in  the  mean  ten^ierature  of  the  material,  adso 
promotes  regeneration  or  rekindling  of  any  portion  of  the  fire  tem¬ 
porarily  extinguished  because  of  the  higher  rate  of  radiant  heat 
transfer  from  elements  at  the  higher  temperatvures .  Therefore,  the 
resistance  of  a  fire  to  extinction  depends  on  Its  heat  content,  the 
absolute  tenperature,  and  the  Ignition  tenqperature  of  the  bvimlng 
material.  The  results  of  another  Investigation,  Folke,  et  al  (3l), 
Indicate  that  the  resistance  Increases  rapidly  dvirlng  the  first 
stage  of  combustion  and  then  levels  out  to  some  consteuat  value.  It 
WEUB  reported  that  the  resistance  of  a  laboratory  wood  crib  remained 
more  or  less  constan'U  between  .^0  end  73  percent  of  the  crib  burned. 

a.  ^  Fire  Extlngulshirent.  The  following  factors  cause 
water  to  be  effective  In  extinguishing  celluloslc  fires: 

(l)  The  cooling  of  the  fire  and  surroundings  to  be¬ 
low  the  Ignition  temperature  hy  the  removal  of  heat  necessary 
for  vaporization  of  the  water. 
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(2)  The  oxygen  replacing  action  of  the  generated 

steam. 

(3)  The  Increasing  of  the  Ignition  ten^erature  of 
the  evolved  combustible  gases  because  of  their  dilution  by  the 
water  vapor. 

The  first  factor  Is  by  far  the  most  Inqportant;  It  Is  very  dotA>tful 
that  the  latter  two  have^  any  appreciable  effect.  If  the  fire  could 
be  covered  completely  w^th  a  stream  of  water,  the  amount  required 
for  extinction  would  be  thennally  equivalent  to  some  fraction  of  the 
heat  content  of  the  bximlng  wood,  and  cooling  of  the  whole  mass  to 
Just  below  the  Ignition  temperature  would  be  sufficient.  Generally, 
fires  are  too  large  to  be  completely  covered;  therefore,  only  a 
portion  of  the  fire  Is  being  extinguished  at  any  one  time.  The 
charcoal  must  be  cooled  to  a  temperature  lover  than  Its  Ignition 
tenperature  because  the  areas  temporarily  extinguished  at  any  one 
time  are  able  to  receive  radiant  and  convected  heat.  The  conse¬ 
quence  Is  that  miore  water  Is  required  than  idien  the  fire  can  be 
simultaneously  covered  completely  with  water.  With  decrease  In  the 
rate  of  application,  the  time  necessary  for  cooling  of  any  given 
area  is  increased,  sdlowlng  an  even  greater  time  for  heat  transfer. 
The  result  Is  that  still  more  water  Is  necessary  for  extinguishment 
than  that  amount  based  on  a  fraction  of  the  burning  wood  heat  con¬ 
tent.  When  the  delivery  rate  Is  below  a  critical  value,  the  rate 
of  cooling  Is  never  large  enough  to  counterbalance  the  rate  of  heat 
generation.  For  this  reason  the  spraying  rate  relative  to  the  size 
of  the  fire  is  very  Important  In  extinguishing  fires. 

b.  Fire  Retardancy.  In  1821,  Gay-Lussac  (38)  preposed 
that  the  effectiveness  of  fireproofing  agents  or,  since  there  is  a 
parallelism,  fire-extinguishing  agents  in  regarding  the  rate  of  com¬ 
bustion  is  due  to  either  one  or  both  of  the  following  mechanisms: 

(1)  The  dilution  of  the  comdsustlble  gases  with  non- 
combustible  gases  or  decomposition  products. 

(2)  The  formation  of  a  protective  glaze  over  the 
surface  of  the  fuel. 

The  first  proposal  heus  been  discounted  by  Tyner  because  of  the  large 
amounts  of  steam  and  carbon  dioxide  eJready  present.  (The  smother¬ 
ing  eu:tlon  of  the  noncomibustlble  gases  is  generally  considered  of 
secondary  Importance  anyway.)  The  second  mechanism  appears  to  be 
fairly  importemt  in  some  cases  since  the  effectiveness  appears  to 
have  some  relationship  with  the  melting  point  as  shown  In  Table  IV. 
Although  there  Is  sonne  api>arent  correlation,  there  does  not  appear 
to  be  any  simple  relationship  involved.  Also,  the  fact  that  the 
most  effective  agaits  cannot  be  explained  by  this  mtechanlsm  has 
turned  Investigators  to  other  proposals. 
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Table  IV.  Correlation  Between  Bffeetlveness 
and  Melting  Point  for  Chloride  Salts 

Compound 

Melting  Point 

Tyner  (24) 

Percent  by  Superiority 

(OC) 

Factor 

Sodium  Chloride 

66k 

25 

1.00 

Potassium  Chloride 

690 

25 

1.20 

Calcium  Chloride 

772 

26 

1.50 

Magneslxan  Chloride 

712 

25 

1.70 

Lithium  Chloride 

6ll^ 

27 

1.80 

Zinc  Chloride 

365 

25 

1.65 

Ammonium  Chloride 

350* 

28 

1.50 

*  Decomposes. 


Metz  and  Tyner  Indicate  that  additives,  especially 
In  low  concentrations,  would  not  be  expected  to  alter  greatly  the 
cooling  capacity  of  water.  Metz  also  Indicates  that  a  large  con¬ 
centration  of  salts  ml^t  cause  a  decrease  In  the  thermal  capacity 
because  of  the  displacement  of  water. 

Metz  first  expressed  the  opinion  that  for  many  salts, 
the  action  of  the  salts  on  the  combustion  of  wood  determines  the 
effectiveness.  He  suggested  that  the  acidic  jiature  of  the  decompo¬ 
sition  products.  In  partlc\ilar  those  from  the  salts  of  ammonia 
(these  scdts  easily  break  down  Into  ammonia  and  an  acid),  cause  the 
formation  of  a  carbonaceous  layer.  This  layer,  which  to  begin  with 
Is  less  readily  combustible,  tends  to  slow  down  the  thermal  decom¬ 
position  of  the  wood  underneath  it.  Althou^  Metz  only  applied  this 
reeisonlng  to  explain  the  effectiveness  of  ammonia  compounds,  ewiidlc 
salts  (such  as  zinc  chloride)  mififht  be  expected  to  show  such  a  favor¬ 
able  eilteratlon  of  the  combustion  mechanism.  Tyner  believed  that 
the  explanation  for  the  effectiveness  of  many  salts  is  their  influ¬ 
ence  on- the  ratio  of  charcoal  to  volatile  combustibles  ^Ich  more  or 
less  agrees  wl-th  Metz.  When  the  ratio  of  charcoal  to  volatile  com¬ 
bustibles  Is  higher,  the  rate  of  combustion  Is  slowed  down  because  a 
charcosl.  surface  layer  Is  less  readily  combustible  than  are  gases 
and  tars.  He  clLso  cited  the'work  of  Palmer  (39)  and  Richardson  (hO) 
to  siQport  -this  approach.  They  foimd  In  studying  the  effect  of 
chemicals  on  the  destructive  distillation  of  wood  that  certain  chem¬ 
icals  (especially  phosphoric  acid  and  salts  of  ammonia)  greatly  re¬ 
duced  the  yield  of  the  gases  and  tars  while  giving  an  increased 
yield  of  charcoal.  Bryan  and  Solth  made  no  reference  to  any  mechan¬ 
ism  other  than  the  one  concerning  the  combustion  action,  while  Metz 
and  Tyner  did  discuss  other  possible  mechanisms.  They  indicated 
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that  additives  not  only  affect  the  charcoal  yield  hut  also^  In  many 
Instances,  Increase  the  Ignition  tesqperature  of  the  charcoal.  Their 
e^qplanatlon  for  the  reason  salt  solutions  can  he  applied  at  lover 
rates  of  delivery  Is  that  hefore  any  tenqporarlly  extinguished  area 
will  he  rekindled,  It  must  receive  more  heat  as  the  result  of  the 
formation  of  this  relatively  combustion-resistant  charcoal  svirface 
layer.  According  to  Bryan  and  Smith,  the  distinction  between  the 
actions  of  a  flame  retardant  and  a  glow  retardant  rests  upon  whether 
the  additive  incireases  the  charcoaJ.  yield  only  or  also  Increases  the 
ignition  temperature  of  the  charcoed  (inhibits  glowing) .  A  few 
salts  (for  exan^le,  the  ammonium  phosidiates)  show  both  properties, 
and  this  Is  the  apparent  reason  for  their  excellent  effectiveness. 

A  survey  of  the  results  and  theories  reported  In  the 
literature  Indicates  that  the  effectiveness  of  additives  is  related 
to  both  their  physical  and  chemical  properties.  For  the  effective 
agents  presented,  possession  of  one  or  more  of  the  following  capa¬ 
bilities  appears  to  be  Important:  (a)  increase  In  the  proportion  of 
charcoal  formed,  thereby  decreasing  the  rate  of  combustion  by  reduc¬ 
ing  the  amount  of  the  readily  combustible  gases,  (b)  Increase  In  the 
ignition  tenqperature  of  the  surface  charcosLl,  and  (c)  formation  of 
molten  Inactive  protecting  layer  tipon  the  surface  of  the  wood.  Al¬ 
though  the  cooling  and  smothering  action  of  the  liberated,  Inert 
gsises  and  the  catalytic  aictlon  of  these  gases  may  be  contributing 
factors,  their  In^ortance  appears  to  be  only  secondary. 


III.  LABORATORY  IHVESTIGATION 

10.  Basis  of  Experimental  Investigation  In  the  Laboratory. 

From  the  study  of  the  literature  and  theoretical  correlations,  it 
became  apparent  that  salts  (for  exao^le,  ammonium  salts)  idilch 
render  maximum  fire-extlnguishlng  effect  on  Class  A  combustible 
fires  were  poor  freezing-point  depressants.  Consequently,  it  was 
decided  that  emphasis  should  be  placed  on  the  development  of  an 
entifreeze  formulation,  i>artlcularly  In  view  of  the  observation 
that.  In  geneial,  a  20  percent  concentration  of  cm  Inorganic  salt 
in  water  generally  Improved  the  fire -extinguishing  effect  of  water. 
Since  no  precise  predictions  could  be  made  from  theoretical  rela¬ 
tionships,  laboratory  testing  was  deemed  necessary.  Reported  liter¬ 
ature  Indicated  that  the  following  salts  should  be  considered  la 
this  study:  calc lum/zlnc  chloride  systems >  zlhc  chloride,  sodium 
lactate,  ferric  chloride,  aluminum  chloride,  lithium  chloride, 
lithium  bromide,  and  lithium  Iodide. 

The  following  seG.ts  were  considered  ap.  the  major  salt 
component  for  an  antifreeze  charge. 
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a.  Calcium  Chloride.  The  calcium  chlorlde/water  system 
has  a  eutectic  teo^rature  of  minus  6o9  F.  Calcium  chloride's  non* 
toxicity  and  availability  axe  desirable  as  charaoterlstlcs  of  an  ln> 
gradient  of  a  nonfreezing  fire -extinguishing  solution.  Investiga¬ 
tion  of  systems  containing  calcium  chloride  was  directed  to  lowering 
the  freezing  point  of  the  eutectic  calcium  chlorlde/water  system  to 
such  an  extent  that  a  concentration  variation  of  plus  or  minus  2 
percent  could  be  tolerated  In  making  up  the  solution. 

b.  Zinc  Chloride.  Althou^^  the  zinc  chlorlde/water  sys- 
tem.  can  meet  the  freezing-point  requirements,  the  high  salt  content 
required  (31  percent)  and  high  viscosity  of  concentrated  zlnc- 
chlorlde  solutions  suggest  that  these  properties  mlg^t  be  Improved 
If  one  or  more  components  were  added  to  the  system.  Another  dis¬ 
advantage  of  zinc  chloride  Is  that  It  Is  an  Internal  poison  In  doses 
of  over  0.02  gram  and  should  be  labeled  "Poison"  (C.F.  Merck's  Index). 

c.  Lithium  Chloride.  A  32  percent  aqueous  solution  of 
lithium  chloride  was  cooled  to  mlniis  130°  F  without  any  precipita¬ 
tion  of  solid.  Below  minus  65°  F,  however,  the  solution  was  quite 
viscous  and  crystallization  may  have  been  Inhibited.  Compeured  to 
some  of  the  other  depressants,  llthlxim  chloride  Is  relatively  costly. 
Attention,  therefore,  was  directed. to  minimizing  the  llthlum-chlorl^ 
content  of  systems  containing  lithium  chloride  as  one  component. 

d.  Ferric  Chloride.  The  eutectic  point  In  the  ferric 
chlorlde/water  system  Is  minus  68°  F,  and  33  percent  ferric  chloride 
was  directed  toward  extending  the  liquid  area  so  that  the  salt  con¬ 
centration  could  be  varied  plus  or  minus  2  percent  without  precipi¬ 
tation  of  solid  at  minus  65°  F. 

e.  Aluminum  Chloride.  The  eutectic  point  In  the  alumi¬ 
num  chlorlde/water  system  Is  at  minus  68°  F  and  25.^  percent  alumi¬ 
num  chloride  by  wel^t.  As  In  the  case  of  ferric  chloride,  research 
was  directed  to  enlargement  of  the  liquid  area  at  minus  63°  F  so 
that  the  salt  concentration  of  the  fire -extinguishing  formulation 
could  be  varied  pl\is  or  minus  2  percent  without  precipitation  of 
solid  at  minus  63°  F. 

11.  Experimental  Procedures  for  Freezing-Point  Depression  and 
Viscosity.  There  are  two  different  basic  methods  for  the  determina¬ 
tion  of  freezing  points.  One  Is  the  eqxilllbrlum  method  (4l) .  With 
this  method,  solid  solvent  Is  brought  Into  contact  Vith  the  pre¬ 
cooled  solution  In  either  an  Insulated  flask  (37)  or  tenq>erature- 
controUed  bath  (42) .  When  equilibrium  between  solid  and  solution 
has  been  reached,  the  solution  Is  analyzed.  The  freezing  point  of 
a  solution  of  this  composition  Is  the  temperature  of  the  system 
from  which  It  was  removed. 


The  second  method  for  the  determination  of  freezing  points 
of  concentrated  solutions  involves  use  of  a  modified  Beckman  molecu¬ 
lar  weight  apparatus  (Fig.  l)  for  the  determination  of  cooling  or 
warming  cuz*ves  (ll|  U3-44).  A  tube  containing  the  solution  to  he 
studied  is  lomersed  in  a  hath  kept  helow  the  freezing  point  of  the 
solution.  An  air  Jacket  may  he  provided  around  the  tube  of  solution 
to  lover  the  cooling  rate.  Tenqperatures  are  taken  at  various  time 
Intervals.  When  solid  solute  or  solvent  begins  to  separate  from 
solution,  the  acconqpai^lng  heat  effects  alter  the  rate  of  cooling. 
Thus,  the  tenqperature  at  ^Ich  the  cooling  rate  changes  sharply  Is 


Fig.  1.  Apparatus  for  detezmlnation  of  eutectic  teaperatures. 
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the  temperature  at  which  solid  begins  to  separate  from  solution. 
Vfhenever  a  eutectic  composition  is  present,  there  is  no  change  in 
temperature  during  solidification.  Therefore,  on  a  plot  of  tenqper- 
ature  of  solution  versus  time,  a  change  In  slope  indicates  separa¬ 
tion  of  solid  from  solution  and  a  plateau  indicates  solidification 
of  the  eutectic  con^sitlon. 

a.  Disadvantages  of  Equilibrium  Method.  The  disadvan¬ 
tages  in  using  the  equilibrium  method  for  determining  the  composi¬ 
tion  and  freezing  points  of  antifreeze  fire -extinguishing  composi¬ 
tions  are  as  follows; 

(1)  In  order  to  arrive  at  a  eutectic  con^sition 
and  temperature  for  a  given  system,  construction  of  a  phase 
diagram  is  desirable.  This  requires  the  making  of  many  exper¬ 
iments  on  a  given  system  and  the  analysis  of  the  solution  in 
each  experiment.  Theoretically,  it  is  possible  to  determine 
eutectic  temperature  by  plsicement  of  excess  solute  and  excess 
ice  in  contact  with  solution.  However,  it  has  been  said  that 
the  concentration  of  solute  obtainable  in  the  presence  of  ice 
is  limited  by  the  slow  rate  of  solution  of  solute  in  nearly 
saturated  solution  emd  by  heat  leaks  vhich  are  inherent  at  low 
temperatures  and  which  melt  ice. 

(2)  Only  the  simplest  systems  can  be  readily  analyzed. 
The  tedloiis  quantitative  analysis  of  con^lex  systems  restricts 
the  number  of  systems  that  can  be  stxxLled  over  a  reasonable 
period  of  time. 

b.  Advantsiges  of  Beckman -Type  Apparatus.  Since  the  dis- 
adv&ntages  Inherent  in  the  use  of  a  modified  Beckman  apparatus  for 
obtaining  cooling, or  warming  curves  are  more  easily  overcome,  it  was 
decided  not  to  use  the  method  of  equilibrium  for  determination  of 
freezing  points .  The  advantages  of  the  Beckman-tyi>e  apparatus  are 
as  follows: 


(1)  A  solution  can  be  made  from  known  solutions  or 
weights  of  solute.  This  makes  further  analysis  \annecessary. 
Thus,  complex  systems  may  be  studied  without  tedious  analysis. 

(2)  Smaller  quantities  of  solutes  are  required  since 
heat  leaks  will  not  affect  the  phase  conqposltion  of  the  system. 
A  small  heat  leak  in  the  equilibrium  method  must  be  offset  by  • 
selection  of  a  system  of  such  a  size  that  heat  leaks  are  a  neg¬ 
ligible  part  of  the  total  heat  effects. 

(3)  Since  the  composition  of  liquid  approaches  that 
of  the  eutectic  as  solid  is  frozen  or  precipitated  from  solu¬ 
tion,  analysis  of  liquid  present  when  a  plateau  is  recorded ‘bn 
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the  temperature*tlme  curve  gives  the  eutectic  coBqposltloQ. 

This  Involves  one  analysis  per  system  and  Is  advantageous  vhere 
the  system  Is  too  contplex  to  he  irepresented  by  a  :i^se  diagram. 

(U)  Both  the  temperature  at  >^lch  solid  begins  to 
separate  from  solution  and  the  eutectic  teiqperature  may  be  ob¬ 
served  from  a  single  cooling  or  warming  curve.  Only  one  or  two 
other  curves  at  various  ccnsposltlon  are  required  to  confirm  the 
eutectic  tenqperature . 

c.  Disadvantage  of  Beckman  Method.  The  paramount  dis¬ 
advantage  In  use  of  the  Beckman  method  Is  supercooling  of  the  solu¬ 
tion.  Means  by  which  this  disadvantage  may  be  overcome  arm  as 
follows : 


(1)  The  solution  may  be  seeded  with  minute  crystals 
of  solute  or  drops  of  liquid  air  (44). 

(2)  The  stiulght-llne  portions  of  the  cooling  curve 
before  si^rcoollng  Is  encovmtered  and  after  crystallization 
has  started  may  be  extrapolated  to  an  Intersection  from  idilch 
the  tenqperature  at  which  solid  would  have  first  separated  from 
solution  may  be  read  (4^). 

(3)  The  saa^le  may  be  partially  or  completely  frozen 
and  then  warmed.  LaLande  (42)  describes  a  very  sensitive  method 
In  which  the  rate  of  tenqierature  rise  In  a  partially  frozen 
sao^le  Is  controlled  by  an  electrlcal-reslstcmce  heater  In  the 
solution  and  a  controlled-t«iqperature  bath  around  the  sanple 
tube.  The  rate  of  temperatinre  rise  can  be  adjusted  to  a  value 
as  low  as  0.001°  C  per  minute  using  this  technique. 

d.  Cooling-Curve  Method.  Since  the  pvtrpose  of  determin¬ 
ing  the  eutectic  torperatures  was  to  reject  those  systens  which  do 
not  depress  the  ftreezlng  point  to  mlnvus  T,  It  was  necesscuy  to 
use  a  method  that  would  permit  the  examination  of  many  systems  In  a 
short  period  of  time .  This  objective  was  best  realized  by  the 
cooling-curve  method  described  above.  Those  systems  idilch  passed 
this  preliminary  screening  test  were  siibsequently  Investigated  for 
the  extent  of  the  liquid  area  at  minus  S'f*  F. 

Stock  solutions  of  binary  cosposltions  were  Mxed  In 
vaorlous  proportions  to  obtain  sanples  of  solution  for  use  In  deter¬ 
mination  of  the  eutectic  teiiq;>erature .  This  method  of  preparing  sam¬ 
ples  c^.lows  the  possible  coverage  of  every  conceivable  ccm^sltlon 
In  a  ternary  system;  however,  in  these  screening  e^^rlments,  com¬ 
positions  lying  cQong  the  line  connecting  the  eutectic  con^sltlons 
In  the  two  binary  systems  weretthe  main  object  of  investigation. 
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Fig.  2.  Eutectic  tenperatures  in  the  ternary,  calcium  chlorlde/calclum  nitrate/water  system. 


27 


A  triangular  eon^sltlon  diagram  for  the  tonmry  ays* 
tern  calcium  chlorlde/calclum  nltrate/vater  Is  shovn  In  Fig.  2. 

Point  I  represents  the  binary  eutectic  conqpositlon  of  calcium  nitrate/ 
water.  When  various  proportions  of  these  two  solutions  are  mixed, 
con^sltlons  lying  along  line  I-II  are  obtained.  The  results  of 
cooling-curve  aneilyses  of  the  sanqples  prepared  In  this  manner  are 
also  shown  in  Fig.  2.  A  eutectic  temperature  of  minus  73°  F  was  ob¬ 
served  for  samples  a,  g,  cmd  h  whereas  only  minus  67^  F  was  observed 
for  saaqples  e  and  f.  This  difference  was  attributed  to  either  the 
possible  formation  of  a  conqpound  In  the  region  separating  these  two 
groups  of  samples  or  a  perltectlc  reaction  In  the  particular  region 
investigated. 


In  this  particular  system,  sauries  b,  d,  and  h  were 
Investigated.  They  did  not  fall  on  the  line  connecting  the  binary 
eutectic  con^sltlons.  It  was  found  that  these  samples  did  not  show 
a  eutectic  ten^erature  lower  than  that  of  the  samples  falling  on 
line  I -II. 


Sandies  for  analysis  of  quaternary  systems  were  simi¬ 
larly  formed  by  mixing  of  solutions  of  binary  eutectic  compositions. 
However,  such  complex  systems  cannot  be  con5)letely  represented  by  a 
planeu:  phase  isotherm;  four  binary  systems  are  Involved,  and  an 
"Isotherm”  Is  a  three-dimensional  figure.  The  "quaternary"  systems 
formed  from  mixtures  of  blnaiy  eutectics  are,  In  actuality,  pseudo- 
temazy  systems  In  which  all  compositions  can  be  represented  on  a 
planar,  triangular  composition  dleigram. 

A  sample  of  thirty  milliliters  made  up  by  the  method 
described  above  was  placed  In  the  sample  tube  of  the  apparatvis  shown 
In  Fig.  1.  The  sample  tube  was  surrounded  by  an  air  Jacket  contain¬ 
ing  silica  gel  to  prevent  condensation  of  moisture  on  the  wall  of 
the  tube.  The  air  Jacket  was  Imnersed  In  liquid  nitrogen  and  seirved 
as  heat -transfer  resistance  to  give  a  low  cooling  rate.  The  sample 
was  agitated,  and  the  tenperature  was  recorded  every  minute.  The 
appeeu-ance  of  crystals  could  be  noted  and,  consequently,  compared 
with  the  freezing  point  or  limit  of  solubility  obtained  from  change 
of  slope  of  the  cooling  curve.  A  definite  plateau  In  the  cooling 
curve  was  taken  as  the  eutectic  tenperature.  A  sample  of  different 
conposltlon  from  the  same  system  was  then  used  to  check  the  eutectic 
tenperature,  repeating  the  procedure.  Where  the  two  sanples  were  of 
different  eutectic  temperatures,  other  samples  of  different  composi¬ 
tions  were  used  until  reproducibility  was  obtained.  Where  two  or 
more  eutectics  were  found,  the  lowest  was  reported.  Systems  that  did 
not  exhibit  a  eutectic  tenperature  below  minus  65®  P  were  rejected. 

A  cooling  cvirve  for  the  calcium  chlorlde/calclum 
nitrate/water  system  Is  shown  In  Fig.  3.  The  ordinates  are  the 
millivolts  registered  by  the  copper -constantan  couple  euod  are 


COOLING  CURVE  FOR  SOLUTION  CONTAINING 
24.2%  CALCIUM  CHLORIDE.  68.8%  WATER. 
7.1  %  CALCIUM  NITRATE 


FREEZING  POINT  -  36»F 


EUTECTIC  TEMPERATURE  -  73*F  o 


MINUTES 


Fig.  3.  CoollxLg  ciurve  for  solution  containing  24.2  percent 
calclw  chloride,  68.8  percent  water,  emd  7*1  percent  calcium 
nitrate . 


converted  to  degrees  Fahrenheit  at  the  freezing  point  suid  eutectic 
point  of  the  saaqple .  Freezing  points  were  determined  by  extrapola¬ 
tion  of  the  straight-line  portions  of  the  cooling  curve. 

The  procedure  used  was  proved  reliable  by  comparison 
of  the  experimental  value  obtained  for  the  eutectic  ten^rature  of 
the  csJ-cium  chloride/water  system  (minus  60.3°  F)  with  the  minus 
59.8°  F  value  reported  in  the  International  Critical  Tables  (3). 
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The  second  idiase  of  the  freezing-point  Investigation 
called  for  deflnltlc  i  of  the  boundary  between  the  liquid  and  solid 
regions  for  selected  systems  at  mlniis  6y  F.  It  Is  possible  to  do 
this  by  the  use  of  cooling-curve  data  In  an  Ideal  situation.  Two 
factors  militating  against  the  vise  of  the  method,  however,  are  the 
often  slow  establlsbment  of  equilibrium  between  phases  and  the  large 
number  of  separate  runs  required  to  detail  the  boundaiy  sufficiently. 
The  simplest  and  most  straightforward  way  to  achieve  the  desired  re¬ 
sult  Is  to  maintain  a  sufficient  nvoiber  of  samples  of  various  conqpo- 
sltlons  taken  from  the  system  under  study  at  the  temperature  desired 
(in  this  case,  minus  6^  F)  lozig  enough  to  establish  equilibrium. 
Examination  of  the  sanq>les  then  reveals  areas  of  solid,  liquid,  and 
two -phase  content. 

The  desirability  of  the  Initial  screening  by  means  of 
coollng-cvurve  experiments  Is  apparent  \dien  one  considers  that  a 
period  of  severatl  days  Is  reqvdred  to  achieve  a  close  enough  approach 
to  equilibrium  for  each  run.  Thus,  the  system  and  area  of  Interest 
In  the  gross  conqxjsitlon  diagram  must  be  pinpointed  as  much  as  pos¬ 
sible  beforehand. 

The  isothermal  bath  consisted  of  a  reservoir  of  meth¬ 
anol  cooled  to  minus  100°  F  by  Indirect  contact  with  dry  ice.  Meth- 
emol  waa  pvmped  through  heat-transfer  colls  In  the  bath  In  vAlch  ^e 
test  tubes  were  Immersed.  A  thermostatic  switch  set  for  minus  6^  F 
started  and  stopped  the  pvimp  to  maintain  the  desired  ten^rature. 

The  procedvire  for  the  tests  was  as  follows: 

(1)  Thirty  to  fifty  compositions  were  selected  cov¬ 
ering  the  eutectic  region  of  the  system  selected  for  study. 

(2)  Four-milllliter  samples  each  of  a  different  com¬ 
position  were  made  up  and  placed  In  a  small  rlnned  test  tube.*- 

(3)  'nie  tubes  were  placed  In  the  rack,  chilled  to 
minus  63^  F,  and  maintained  there  for  a  period  of  about  U  days. 

(U)  The  tubes  were  then  examined.  The  presence  or 
absence  of  solid  and  the  density  of  solid  relative  to  the  solu¬ 
tion  were  noted. 

(3)  From  results  of  the  above  exazolnatlon,  cheurts 
(not  necessarily  phase  diagrams)  were  prepared  from  iriilch  It 
was  possible  to  choose  selected  compositions  meeting  the 
freezing-point  requirements. 

The  preparation  of  sanqiles  of  knowg  composition  for 
use  In  defining  the  solid-liquid  area  at  minus  63  F  is  best 
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explained  by  reference  to  a  specific  example.  Ibe  preparation  of 
samples  for  the  Investigation  of  the  cedclm  chlorlde/zlnc  chloride/ 
water  system  Is  described  below. 

Solutions  of  reagent-grade  zinc  chloride  were  pre¬ 
pared  ^  and  the  conqposltlon  was  determined  from  specific -gravity 
measurements  made  with  a  Westphal  balance.  Similarly,  the  exact 
composition  of  calcium-chloride  solution  was  found  after  It  was  de¬ 
termined  that  analysis  by  specific  gravity  emd  volumetric  suaalysls 
for  chloride  gave  the  same  results.  Zlnc-chlorlde  and  ce^.clum- 
chlorlde  solutions  of  known  compositions  and  densities  were  mixed 
In  various  proportions  to  obtain  samples  of  various  known 
compositions . 


The  composition  of  all  samples  formed  by  mixing  two 
solutions  In  various  proportions  must  fall  on  a  straight  line  con¬ 
necting  the  con^sltlons  of  these  two  solutions  on  the  phase  dia¬ 
gram.  Thus,  by  varying  the  composition  of  the  stock  solutions  and 
the  proportions  in  which  they  were  mixed,  the  entire  area  of  the 
phase  diagram  which  was  of  interest  could  be  investigated  to  deter¬ 
mine  nonfreezing  compositions.  Samples  in  all  systems  investigated 
were  prepared  In  this  manner  (that  is,  by  mixing  solutions  of  known 
compositions  and  densities  in  definite  proportions).  Reagent-grade 
chemicals  and  distilled  water  were  used  in  preparation  of  these 
samples.  The  effect  of  sea  water  and  impurities  was  treated  as  a 
separate  phase  of  this  research. 

Aqueous  salt  solutions  were  analyzed  by  measurement 
of  specific  gravity  with  a  Westphal  bsQ.ance.  By  this  method,  the 
composition  of  the  solution  could  be  determined  with  an  accuracy  of 
0.1  percent.  The  densities  for  aqueous  solution  given  in  the  Hand¬ 
book  of  Chemistry  and  Physics  were  those  from  \rtiich  compositions 
corresponding  to  measiired  density  were  read..  Volumetric  analyses 
of  calclvim-chlorlde  solutions  for  chloride  were  made  end  were  found 
to  give  the  same  compositions  as  those  determined  by  density  meas¬ 
urements.  Information  on  the  densities  of  lithium-chloride  solu¬ 
tions  was  not  available  in  the  literature,  end  it  was  necessary  to 
prepare  a  density-concentration  cheurt  for  this  salt.  This  chart, 
shown  in  Fig.  !«■,  was  prepared  by  titration  of  lithium-chloride  solu¬ 
tions  of  known  densities  with  stendard  silver -nitrate  solution. 

To  determine  solution  viscosity,  a  glass  apparatus 
as  shown  in  Fig.  ^  was  selected.  Since  close  tenperature  control 
was  required,  the  previously  described  low-temperature  bath  was 
used,  in  which  the  liquid  conpositions  at  minus  65°  F  (minus  53*9°  C) 
were  determined.  The  procedure  was  as  follows:  The  breathihg  tube 
was  stoppered  and  liquid  was  poured  in  the  filling  bulb  until  it  was 
above  the  mark  above  the  tube.  The  filling  bulb  was  then  stoppered, 
8uid  the  breathing  tube  was  unstopped.  The  slight  veuzuum  above  the 


31 


Wt.  %  LiCI 

Fig.  4.  Densities  of  aqueous  lithium-chloride  solutions > 
24°  C. 


liquid  prevented  liquid  discharge  through  the  orifice.  The  appar¬ 
atus  was  then  inmersed  in  the  minus  6^  F  hath  for  20  to  2^  minutes 
to  allow  the  hulb  and  contents  to  come  to  tenqperature .  This  time 
was  found  to  he  long  enough  so  that  reproducihle  results  were  ob¬ 
tained.  The  filling  hulb  was  unstoppered,  and  the  liquid  was  timed 
between  the  upper  suid  lower  marks.  In  this  procedure  during  a  trlsil 
run,  tile  bulb  is  withdrawn  from  the  bath  from  time  to  time  to  ob¬ 
serve  the  progress  of  the  liquid.  In  subsequent  runs,  the  approxi¬ 
mate  time  of  efflux  is  known  suad  the  bulb  only  needs  to  be  drawn  out 
of  the  bath  for  a  few  seconds  at  the  time  start  and  at  the  end  of 
the  run.  Since  the  air  space  above  the  methanol  is  still  within  the 
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insulated  cold  ehaniber,  it  is  thou^t  that  the  tvo  brief  exposures 
do  not  affect  the  results.  Ejqperinentally,  the  efflux  times  were 
found  to  be  reproducible  to  vithin  better  than  1  percent,  whether 
the  bulb  is  withdrawn  once  or  several  times. 


To  convert  efflux  time  to  kinematic  viscosity  units, 
it  was  neces8eu:y  to  calibrate  the  viscosimeter  with  a  fluid  of  known 
viscosity.  Information  was  available  in  the  technlcsil  literature  on 
the  absolute  viscosity  (4^6)  and  the  density  (3)  of  n-butyl  alcohol. 
From  the  data,  the  kinematic  viscosity  of  n-butyl  alcohol  at  minus 
63*^  F  was  calculated  to  be  ^2  centlstokes.  The  efflux  time  for 
n-butyl  edcohol  was  fo\nid  to  be  79  seconds  as  the  average  of  a  num¬ 
ber  of  rims.  The  constant  for  the  instrument  was,  therefore: 


k 


52 


79 


0.66 
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and  «  0.66t 

■  kinematic  viscosity,  centlstokes 
t  3  efflux  time,  seconds. 

It  was  assumed  that,  over  the  range  of  viscosities  Involved, 
PolseulUe's  Law  for  liquid  flow  throtij^  capillaries  was  followed, 
from  which  efflvix  time  is  proportional  to  kinematic  viscosity. 

12.  Test  Procedures  for  Corrosion  Inhibition.  The  use  of 
salts  as  euitifreeze  agents  is  cmalpgoiis  to  use  of  hrine  solutions 
in  the  refrigeration  indiistry.  The  recommendations  of  the  American 
Society  of  Refrigeration  Engineers  (47)  are  presented  in  Table  V. 


Table  V.  Treatment  of  Refrigeration  Brines 


Inhibitor 

Calcium 
Chloride 
(grams 
per  liter) 

Calcium/ 
Magnesium 
Chloride 
(grams 
per  liter) 

Sodlvim 
Chloride 
(grams 
per  liter) 

Sodium  dlchromate^ 

1.6 

3.2 

3.2 

(Na2Cr207*-2H20) 

Dlsodlum  phosphate^ 

- 

• 

1.6 

(Na2HP04‘12H20) 


1.  Enoxxi^  sodlvmi  hydroxide  added  to  convert  dlchromate  to  neutral 
chromate,  emd  pH  maintained  at  8.3  (slightly  lower  for  galvanized 
pipe). 

2.  Brine  neutralized  or  made  slightly  acidic,  pH  »  6.8  to 


The  salt  content  of  the  brines  is  20  percent  and  greater. 

The  metals  being  protected  are  iron,  steel,  and  gsLLvanized  iron. 

The  disodlum-phosphate  treatment  is  not  considered  as  effective  sis 
the  sodlum-dichromate  treatment;  the  phosphate  also  has  to  be  re¬ 
newed  every  month,  idiile  the  chzomate  only  needs  renewing  every 
year.  The  soditmi  dichromate  msy  be  replaced  by  an  equivalent  amount 
of  sodium  chromate  idilch  amounts  to  1.73  ffnuns  per  liter  for  the 
calcium-chloride  system  suid  3*30  grams  per  liter  for  the  calcium/ 
magnesium  chloride  and  sodltmi-chloride  systems. 

In  the  USAERDL  Materials  Branch  prellmlnaxy  stxidy  (l)  to 
determine  the  feasibility  of  using  a  20  to  30  percent  lithium-chloride 


solution  (pH  s  7«5  to  8.^)  as  a  lov-temperature  engine  emtlfreeze, 

It  was  found  that  this  solution  was  less  corrosive  (at  room  temper- 
atvire  said  l60°  F)  to  caist  Iron,  lead- tin  solder,  copper,  and  brass 
than  was  distilled  water  (pH  »  7.^)  with  aluminum  as  the  only  excep¬ 
tion.  The  addition  of  3*3  grams  of  sodium  chromate  per  liter  tended 
to  Inhibit  the  attack  of  lithium  chloride. 

Anny  and  Navy  specifications  (U8)  for  the  28-percent-  ^ 
calcium-chloride,  fire-extinguisher  solutions  for  use  to  minus  40  F 
required  that  the  solutions  contain  approximately  13  grams  of  sodium 
chromate  per  liter  to  Inhibit  the  corrosion  of  Iron  and  copper. 

Sodium  dlchromate  (^9),  If  added  In  sufficient  quantity, 
may  be  used  for  the  practically  complete  protection  of  Iron  euid 
steel  In  sodium-chloride  solutions  of  all  concentrations  at  all  tem¬ 
peratures  and  for  the  protection  of  alvunlnum  In  dilute  salt  solutions 
at  room  temperature.  It  may  also  be  used  for  partial  protection  of 
copper,  brass,  lead,  zinc,  and  galvanized  lion  In  sodlum-chiorlde 
solutions  at  room  ten^erature. 

Although  chromates  In  proper  amount  might  reduce  galvanic 
contact  effects  materially  (50),  It  Is  recommended  (47)  that  the 
contact  of  dissimilar  metals  in  brine  solution  be  avoided.  Corro¬ 
sion  arising  from  such  a  contact  is  one  of  the  main  factors  for  the 
failure  of  engine  antifreeze  brines  (5l)» 

Sodium  chromate  with  a  small  amount  of  sodlimi  metaslllcate 
has  been  found  effective  for  refrigerating  brines  In  aJ.umlnum  and 
aluminum-iron  systems  (50).  Sodium  silicate  does  not  reduce  corro¬ 
sion  In  chloride  solutions  sufficiently  to  warrant  its  use  In  re¬ 
frigeration  brines.  When  sodium  silicate  Is  added  along  with  sodium 
chromate,  however,  the  combined  effect  seems  to  be  more  beneficial 
than  with  the  chromate  alone  (47).  Zinc  dust  has  been  employed  for 
reducing  corrosion  by  salt  solutions,  but  It  Is  probably  not  useful 
except  for  open  brine  tanks  iising  calcium  chloride  where  the  dust 
can  be  added  a  little  at  a  time  onto  the  brine  surface  (52) .  Organic 
colloids,  notably  dextrin,  have  been  found  as  ingredients  of  commer¬ 
cial  inhibitive  mixtures  for  brines,  but  it  seems  doubtful  that  they 
would  give  satisfactory  protection  to  ordinary  metals  without  the 
sodium  chromate  being  present  (52). 

Sedt  solutions  are  considered  to  be  very  corrosive.  The 
llteratiire  survey,  however.  Indicated  that  the  solutions  being  In¬ 
vestigated  (>Ailch  for  the  most  part  contain  calcium  chloride  and 
lithium  chloride)  could  probably  be  Inhibited.  Fortunately,  the 
partlculEu:  use  of  these  brines  favors  inhibition  because  of  the 
associated  teiig[>erature  ranging  from  room  to  minus  65°  F,  high  con¬ 
centration  (or  specific  gravity),  little  agitation  (if  any)  with 
air,  low  surface  area  to  volume  ratio,  smd  no  dissimilar  metallic 
contacts . 
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The  pH  values  that  are  Mported  for  the  solutions  derive 
from  the  use  of  reagent -grade  chemicals.  Specifications  for  the 
actual  materials  should  he  written  to  exclude  any  acidic  liiqE>urltles 
idilch  mle^t  decirease  these  values.  Naturally,  acidic  waters  (which 
in  themselves  are  corrosive)  should  never  he  used. 

a.  Selection  of  Inhibitor.  Sodium  chromate  was  selected 
as  the  inhibitor  In  the  study  of  corrosion  primarily  because  from 
the  literature  search  It  appeared  to  be  the  most  effective  inhibitor 
for  brines.  Secondary  considerations  were  as  follows: 

(1)  Cathodic  Inhibitors  are  rather  specific  In  their 

\ise. 

(2)  Hlg^  moleculeur  vel£^t  or  colloidal  absorption 
Inhibitors  would  pxobsbly  increase  the  brine  viscosity  which 
Is  cdready  relatively  high  at  minus  6^  F.  Althou^  elements 
such  as  aldehydes  are  good  acid  pickling  Inhibitors,  the  survey 
of  the  literature  does  not  Indicate  that  they  have  been  extended 
to  brine  solutions. 

(3)  The  chromate  salts  are  more  solvdsle  than  the 
carbonates,  phosphates,  and  silicates;  hence,  enou^^  sodium 
chromate  can  be  added  to  retard  corzoslon.  Also,  since  the 
solubility  of  the  chromates  varies  Inversely  with  temperature, 
a  saturated  chromate  solution  at  room  tenqperature  will  not 
throw  out  a  precipitate  at  minus  65°  F. 

(4)  A  solid  Inhibitor  Is  desirable  from  the  stand¬ 
point  of  ease  In  packeiglng. 

b.  Specific  Details.  In  the  development  of  the  corro¬ 
sion  test,  reference  was  made  to  the  following  publications: 

ASIM  A  224-46,  Ck)nducting  Plant  Corrosion  Tests. 

ASm  B  ld^-43T,  Total  Immersion  Corrosion  Test  of 
Nonferrovis  Metals. 

ASM  A  279-44T,  Total  Immersion  Corrosion  Test  of 
Stainless  Steels. 

These  outline*  general  principles  to  be  followed  In  corrosion  testing 
although  specific  test  conditions  are  left  up  to  the  laboratory  mak¬ 
ing  the  test.  Specific  conditions  chosen,  as  discussed  below,  seem 
to  approach  service  conditions  as  closely  as  possible. 

(1)  Tenqgerature.  A  temperature  of  95°  F  (35°  C)  was 
chosen  for  two  reasons: 
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(a)  It  la  the  hle^eat  ambient  tenQ>eratvire 
likely  to  be  encountered  at  vhlch  the  water  additive 
solution  Is  In  contact  with  metallic  containers. 

(b)  It  Is  a  convenient,  controllable  tem¬ 
perature  for  maintaining  the  corrosion  bath. 

(2)  Metal  Specimens.  The  metals  chosen  were  as 
shown  In  liable  VI. 

Table  VI.  Metals  Used  In  Corrosion  Test 


Metal 

Type 

Thickness 

(In.) 

Source 

Brass 

Alloy,  6,  ASTM  B36-49T 
(Nbm.  60  Cu,  30  Zn) 

1/16 

Chase  Brass 
&  Copper  Co 

Zinc 

Commercially  pure 

0.016 

- 

Copper 

Electrolytic  copper 

1/16 

USAERDL 

Steel 

SAE  1020 

1/16 

USAERDL 

Aluminum 

61s 

1/16 

USAEEn)L 

Meigneslum 

3S 

1/16 

USAEBDL 

Individual  specimens  tested  were  coupons  ^  by  3  Inches  In  size, 
welded  to  0.1  milligram  on  an  analytical  balance  after  filing, 
polishing  on  a  buffing  )dieel,  washing,  rinsing  In  acetone,  and 
drying. 


(3)  Duplication  of  Samples.  It  was  felt  that  dupli¬ 
cation  of  Individual  san^les  woxild  Insiure  sufficient  accursuiy 
for  the  purpose  of  this  research  since  the  e3q)ected  error  of 
the  average  corrosion  rate  from  statistical  consldeiatlons  under 
these  conditions  would  be  plus  or  minus  9*7  percent.  To  obtain 
eui  expected  error  less  than  plus  or  minus  ^  percent  would  re¬ 
quire  eight  samples  per  lndlvld\jal  metal  for  every  composition. 

(U)  Arrangement  of  Specimens.  Each  specimen  was 
held  In  an  IMlvldusd  square  glsuss  bottle  about  4  Inches  hlgd^ 
eoid  of  about  100-ml  capacity.  To  each  bottle  was  added  exactly 
60  ml  of  the  solution  under  study.  The  specimen  was  conse¬ 
quently  Immersed  about  2  Inches  In  the  electrolyte,  leaving  1 
Inch  exposed  to  the  air  above  the  solution.  This  method  of 
partial  Immersion  Introduces  the  effect  of  the  Interface  Into 
the  results  and.  It  Is  thought,  corresponds  more  closely  to 
coxidltlons  likely  to  be  encoxintered  In  practice  than  would  a 
total-immersion  method.  The  metal  screw  caps  of  the  bottles 
were  left  quite  loose  to  allow  access  of  air  to  the  solutions. 
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The  actual  area  of  contact  of  the  specimen  vas  determined  hy 
Inspection  of  the  sample  at  the  end  of  the  test. 

(^)  Constant  Temperature  Bath.  The  saiople  bottles 
were  placed  on  the  false  bottom  of  a  rectangular  tank  of  a 
size  large  enouc^  to  hold  about  dO  bottles.  Bath  vater  vas 
added  to  immerse  the  bottles  up  to  their  necks.  A  heater  and 
t^rmosvitch  coniblnation  maintained  the  bath  t«iperature  at 
3^  C  plus  or  minus  1^  C.  A  circulating  pump  helped  minimize 
tenqperature  gradients  in-^the  bath. 

(6)  Formulations  Studied.  Ilhe  number  of  different 
formulations  to  be  tested  for  corrosiyeness  (Table  VII )  vas 
limited  to  the  three  othervise  most  desirable  selections  after 
salt  content,  viscosity,  pH,  and  toxicity  vere  considered  and 
to  the  calcium  chloride/iron  chloride  solution  vhlch  vas  knovn 
to  have  a  low  pH  but  had  a  fairly  hl^  vater  content.  Where 
possible,  esu:^  formulation  vas  prepared  in  both  inhibited  and 
uninhibited  form. 

Table  VII.  Conposltlon  of  Formulations 
Selected  for  Corrosion  Test 


Formulation 

Composition 

Inhibitor 

la 

24^  lithium  chloride 

76p  vater 

- 

lb  (inhibited) 

Same 

Na2Cr0i|.  (unsatrirated) 
3500  mg  per  liter 

2c 

^  lithium  chloride 

69j(  vater 

2^  calcium  chloride 

• 

2d  (inhibited) 

Saturated  with  Iia2Cr0k 
1050  mg  per  liter 

3a 

10j(  calcium  nitrate 

27p  calcium  chloride 

63jt  vater 

■ 

3b  (inhibited) 

Same 

Satiuated  with  He^CrOii. 
84  mg  per  liter 

k 

^  ferric  chloride 

29p  calcium  chloride 

6^  vater 

Control* 

28^  calcium  chloride 
vater 

Saturated  with  Ha2CrO]^ 
3850  mg  per  liter 

*  Made  up  to  specifications  of  JAN«C>3kk. 
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The  technical  llteratuare  on  corrosion  hy  refrigeration  hrlnes 
indicated  that  the  optimum  concentration  of  sodium-chromate 
inhlhitor  in  salt  solutions  similar  to  the  ones  developed  here 
as  fire  extinguishers  is  about  3^300  mllligzams  per  liter.  It 
was  possible  to  obtain  this  concentration  only  in  Formiilatlon  1 
Vdilch  does  not  contain  calcium  chloride.  In  Formulations  2  and 
3,  the  high  concentrations  of  calcium  ion  and  the  low  solvabil¬ 
ity  prodvict  of  calcium  chromate  limit  the  concentrations  to  the 
lower  values  shown.  Formulation  h,  from  the  iron/calcium 
chloride  system,  is  incapable  of  holding  any  appreciable  quan¬ 
tity  of  chromate,  and  this  system  was  tested  only  in  uninhib¬ 
ited  form.  The  chromate -containing  solutions  are  saturated 
with  chromate  at  room  tenqperature,  except  Formulation  1.  Be¬ 
cause  the  solviblllties  of  chromates  Increeise  with  decreasing 
temperature,  it  was  expected  (and  checked  by  er^rlment)  that 
no  solids  would  freeze  out  of  the  Inhibited  formulations  even 
at  minus  65°  F. 

(7)  Combination  of  MetaJ-s  and  Formulations.  Each 
of  the  six  metals  was  studied  in  contact  with  each  of  the  seven 
formulations,  and  every  sample  was  duplicated.  In  addition, 
two  copper  €uad  two  steel  specimens  were  in  contact  with  the 
control  solution.  Thus,  the  total  nvunber  of  sanples  wan  88. 

13.  Fire  Test  Procedures. 

a.  Test  Parameters.  In  devising  a  fire  test,  on  the 
model  scale,  a  number  of  test  peurameters  mvist  be  considered. 

The  vise  of  a  standard  crib  of  constant  weight  is  a 
very  definite  requirement  for  a  reproducible  fire.  The  wood  used 
by  each  investigator  was  a  species  which  was  considered  quite  homo- 
geneovis  in  nature  and  was  conditioned  to  a  constant  molstvire  content 
before  usage .  The  size  of  the  individual  sticks  must  not  be  so 
small  as  to  cavise  too  rapid  burning  nor  so  large  as  to  present  too 
small  a  svirface  for  combustion.  The  crib  arrangement  shovild  be  in 
such  a  pattern  as  to  allow  svifficlent  air  for  conqvlete  combvistlon 
and  access  to  the  surface  of  the  wood  for  extinction  by  a  spray. 

The  platform  shovild  allow  any  excess  extinguishing 
solution  and  the  air  for  conibvistlon  to  pass  through.  Bryan  and 
Smith  (25)  found  that  to  keep  their  lOO-povind  crib  from  collapsing 
before  extinction,  steel  rods  passing  up  through  each  stick  were 
necessaoy.  The  other  investigators  did  not  mention  this  problem. 

In  all  the  various  systems  reported,  attempts  were 
made  to  ignite  the  crib  sufficiently  in  a  constant  and  short  period 
of  time. 
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The  constancy  of  the  draft  Is  very  Insiortant  in  naln> 
talning  a  reproducible  fire.  Metz  used  forced  draft  to  isqpart  a 
greater  extinction  resistance  to  his  crib^  thereby  securing  better 
results. 

Two  methods  denoting  the  tine  of  solution  application 
were  used:  (l)  Application  of  the  solution  after  a  definite  time  of 
burning  (including 'ignition  period);  and  (2)  application  after  a 
definite  proportion  of  the  wood  had  been  burned.  If  ignition  mate¬ 
rial  Is  used,  the  time  when  spraying  is  started  must  be  after  the 
complete  bximlng  of  the  ignition  material. 

Perhaps  the  largest  error  in  the  procedures  of  Foihe 
(31),  Metz  (23),  and  Tyner  (24)  arose  from  the  manual  method  which 
was  employed  to  extinguish  the  fire.  The  procedure  required  the 
operator  to  waUc  around  the  fire  sind  spray  first  those  areas  which 
appeared  to  need  extinguishing  the  most.  It  is  to  be  expected  that 
this  technique  would  depend  not  only  upon  the  opexator  but  silso  on 
his  Judgment  concerning  a  paortlcular  fire.  Bryan  and  Smith  employed 
a  rotating  platform  and  a  fixed  nozzle;  thus,  the  crib  was  always 
ejqposed  to  a  constant  spray  pattern.  Although  an  intermittent  spray 
was  Initially  used  by  Bryan  and  Smith  to  Increase  the  resistance  to 
extinction,  it  was  found  to  be  unnecessary  euid  undesirable  from  the 
standpoint  of  ease  of  operation. 

Both  the  time  and  the  quantity  of  solution  required 
for  total,  or  ember,  extinction  were  measured,  and  the  rate  of  ap¬ 
plication  was  known  In  sill  of  the  outlined  procedures.  When  neces¬ 
sary,  the  weight  of  the  crib  was  also  measured.  Except  for  Bryan 
and  Smith,  the  point  where  extinction  occurred  was  detezmined  vlsu- 
elly.  Bryan  and  Smith  used  a  hydraulic  system  which  continuously 
recorded  the  crib  weight  In  relation  to  time  of  combustion.  The 
time  required  for  extinction  was  then  read  from  the  chsort. 

b.  Superiority  Factors.  The  results  In  the  llteratxure 
are  expressed  (or  can  easily  be  expressed)  in  terms  of  superiority 
factors .  The  result  reported  most  Is  calciilated  by  dividing  the 
amoimt  of  water  required  for  extinguishment  by  the  amount  of  salt 
solution  necessary  at  a  given  rate  of  application.  It  Is  probably 
best  to  consider  this  factor  as  the  ratio  of  time  necessary  to  ex¬ 
tinguish  the  crib  by  the  solution  to  that  required  by  water  \dien 
applied  at  the  same  rate  of  application.  Accoz^lng  to  Bryan  and 
Smith,  this  s\;q>erlorlty  factor  has  the  following  disadvantages: 

(1)  Because  the  resistance  to  extinction  Is  not  the 
same  dxirlng  at  least  most  of  the  burning  time,  this  zatlo  does 
not  represent  a  constant  extinguishing  resistance  for  the  solu¬ 
tion  and  water.  Water,  as  a  general  rule,  will  take  loxiger  to 
extinguish  a  fire;  hence.  It  will  encounter  a  greater 
resistance . 


(2)  The  ratio  varies  greatly  with  the  relative  rate 
of  delivery  from  \mlty  at  very  hl£^  rates  to  Infinity  at  ex¬ 
tremely  low  rates.  Because  of  this  variation,  the  results  of 
different  Investigators  cannot  be  compared  directly. 

(3)  The  ratio  depends  greatly  on  the  actual  appara¬ 
tus  and  procedure  employed. 

Bryan  and  Smith  proposed  a  new  superiority  factor 
that  apparently  completely  overcomes  the  first  two  disadvantages  and 
partially  overcomes  the  third.  It  Is  the  ratio  between  the  volume 
of  water  and  the  volume  of  solution  (or  the  ratio  between  the  two 
delivery  rates)  necessary  to  extinguish  a  fire  In  the  same  time. 

The  value  of  this  factor  ranges  from  unity  at  higji  spraying  rates  to 
some  maximum  value  at  low  rates.  This  limiting  value,  therefore, 
represents  the  maximum  potential  flre-flghtlng  effectiveness  of  the 
solution.  The  authors  stated  that  a  comparison  of  these  maximum 
values  results  In  a  more  accurate  estimate  of  the  relative  efficien¬ 
cies  of  different  additives  and  that  fire -extinction  effectiveness 
as  found  by  different  Investigators  can  be  compared  when  expressed 
In  terms  of  superiority  factor. 

The  density,  viscosity,  and  surfeuse  tension  affect 
the  size  of  drops  from  a  spray  nozzle.  Thus,  the  diameter  of  drops 
of  solutions  may  be  either  larger  or  smaller  than  the  diameter  of 
drops  of  water.  Although  the  magnitude  of  change  would  probably  be 
negligible  for  dilute  solutions.  It  may  become  fairly  large  for  very 
concentrated  solutions.  Even  though  the  exact  effect  of  variations 
In  the  diameter  of  spray  droplets  on  the  extinction  of  a  fire  is  not 
known,  both  of  these  superiority  factors  automatically  Include  this 
effect,  if  present. 

The  reproducibility  was  not  reported  In  any  of  the 
articles.  While  Metz  used  the  res\ilt8  from  only  two  runs  to  deter¬ 
mine  the  flre-flghtlng  capacity  of  a  salt,  Tyner  and  Bryan  amd  Smith 
averaged  between  five  amd  ten  determinations  per  chemical.  Obvlotis- 
ly,  precise  reproducibility  Is  not  Inherent  In  a  test  of  this  type. 

c.  Test  Appauatus.  The  test  apparatus  used  in  the  fire 
tests  Included  a  crib  platform,  means  for  Igniting  a  wood  crib 
placed  on  the  platform,  draft  control,  and  means  of  application  of 
the  salt  solutions  to  the  crib  fire . 


(1)  Crib  Specifications.  "C -select"  irtiite  pine 
(knot  free  aund  kiln  dried),  >dilch  Is  read.ily  available  and 
fairly  homogeneous,  wets  found  to  be  a  satisfactory  crib  mate¬ 
rial.  The  crib  weighed  approximately  2.2  pounds  (l  hg)  auid 
was  not  large  enough  to  necessitate  bracing.*'  It  consisted  of 
21  conditioned  sticks;  each  7-7/8  inches  by  1  inch  by  3/4  inch 
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and  welj^lng  between  4l.O  and  33*0  graaa.  Seven  layers  of 
three  sticks  were  disposed  In  a  shape  of  a  triangle  having  gaps 
of  about  2  Inches  at  the  comers.  Alternate  layers  were  ro¬ 
tated  60  degrees.  This  azrangement  allowed  sufficient  air  for 
combustion  and  space  for  the  spray  to  reach  all  parts  of  the 
wood. 


(2)  Crib  Platform.  A  12-lnch-dlameter,  variable- 
speed,  rotating  platform  was  used.  The  platform  was  of  an  open 
constmctlon  to  allow  free  passage  of  the  solution  and  combus¬ 
tion  air.  A  rotation  speed  of  10  rpm  was  found  satisfactory. 

(3)  Ignition  Means.  Four  wlnged-top,  Bunsen  burners 
surranged  as  the  comers  of  a  rectangle  con^osed  the  Ignition 
system.  The  rate  of  burning  was  controlled  by  a  governor  In 
the  gas  line  with  a  pressure  of  4  inches  of  water  being  main¬ 
tained  at  sill  times. 

(4)  Draft  Control.  The  amount  of  drsrft  wsis  con¬ 
trolled  by  a  danqper  In  the  exhaust  hood.  A  forced  draft  of  ap¬ 
proximately  400  feet  per  minute  (mesuiured  at  the  top  of  the 
crib)  WEIS  found  necessary  to  Increcuse  the  extinction  resistance 
of  the  crib,  thereby  producing  better  fire -extinction 
effectiveness . 

(3)  Application  of  Solution.  The  solutions  and 
water  were  spreiy^  at  4o  pslg  through  nozzles  procured  from  the 
Monarch  Msuaufsusturlng  Works,  Inc.,  Phllsidelphla.  Ten  nozzles 
were  employed  which  gave  a  spraying -rate  range  of  1.1  to  4.0 
gallons  per  hovir.  The  crib  wsts  small  enough  so  that  the  nozzle 
did  not  have  to  move  up  and  down. 

d.  Construction  and  Assembly  of  Small  Fire  Test.  A 
small,  low-voltage,  direct-current  motor  auid  the  rotating  platform 
were  mounted  on  the  pan  of  a  Ikboratory  bslance  (msucimum  capacity 
of  23  pounds)  having  a  flve-pouxid,  dlsd-reaxdilng  scale.  The  plat- 
fom  extended  several  Inches  away  from  the  bsuLance  In  order  to  allow 
the  interposition  of  a  galvanized  iron  sheet  that  protected  compon¬ 
ents  such  SIS  the  balance  table  from  the  solution  and  heat.  The 
weight  of  Items  such  as  the  platform  amd  motor  was  counterbalanced 
so  that  the  dl8l.-readlng  scale  read  zero  (or  slightly  above)  before 
the  addition  of  the  crib.  Ihe  rotating  speed  of  the  circular  plat¬ 
form  could  be  VEurled  by  using  different  voltsiges  across  the  motor. 
The  converted  balance  was  placed  on  a  table  which  held  the  pressure 
regulators,  valves  suad  lines  for  the  con^ressed  air  and  natural  gsus, 
container  holding  the  spraying  material,  and  the  nozzle  mount.  The 
nozzle  mount  was  constructed  so  that  the  position  of  the  nozzle 
could  be  easily  mounted  to  any  desired  position.  The  Ignition  sys¬ 
tem  was  movable  so  that  It  could  be  moved  away  tram  under  the  crib 
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after  ignition.  An  exhaust  hood  with  an  adjustable  danqper  for  draft 
cmitrol  covered  the  rotating  platform  and  crlh. 

After  the  "C -select **  white  pine  was  sawed  Into  T-T/d*- 
Inch-length  sticks.  It  was  stored  In  a  constant-tenperature,  measured- 
humidity,  insulated  storage  chamber  xmtll  the  relative  humidity  In 
the  chamber  dxx>pped  to  a  value  of  about  2  percent.  This  usually  re- 
qtiired  a  week.  Thereafter,  water  was  added  to  maintain  the  humidity 
at  this  value.  After  the  humidity  reached  2  percent,  the  sticks 
wexe  removed  and  weighed  and  only  those  falling  within  the  range  of 
li^l.O  to  33*0  grams  were  returned  to  the  chamber  >diere  they  remained 
until  burned. 


The  spraying  rate  of  water  and  formulations  through 
various  nozzles  was  detemlned  by  collecting  the  spray  in  a  suitable 
graduated  cylinder  in  a  measured  time.  The  spraying  pressure  of  Uo 
pslg  was  carefully  maintained. 

Twenty-one  sticks  of  conditioned  wood  were  made  Into 
a  crib  weighing  approximately  2.2  povinds  (l  kg).  (Since  the  crib 
platform  was  also  a  balance  platform,  its  weight  was  aiitcHnatlcally 
measured.)  After  the  correct  platform  rotating  speed  of  10  rpm  was 
obtained,  the  Bunsen  burner  Ignition  system  was  moved  under  the  crib. 
Adequate  Ignition  was  accon^llshed  In  8^  seconds,  and  the  burners 
were  removed.  The  forced  draft  (exhaust  hood)  fan  was  then  turned 
on  to  create  the  necesseuy  draft.  Spraying  was  initiated  after  40 
percent  of  the  crib  had  been  burned.  This  point  was  determined 
based  on  the  loss  of  weight  recorded  on  the  balance  reading -dial. 

The  time  required  for  total  extinction  (or  all  glowing  to  disappear) 
was  detezmlned  visually. 

The  volume  superiority  factor  proposed  by  Bryan  and 
Smith  was  detexmlned,  since  it  Is  believed  that  their  arguments  are 
correct  in  that  this  factor  presents  a  more  accurate  record  of  ef¬ 
fectiveness.  Calibrated  nozzles  were  used  to  develop  plots  of  the 
rates  of  application  of  water  emd  solutions  versus  extinction  time. 
From  these  plots,  the  superiority  of  the  formulations  over  miter  was 
c6d.cvilated. 


The  reproducibility  of  the  crib  weight  was  within 
plus  or  minus  3  percent  (Table  VIII ) .  This  deviation  seems  quite 
reasonable.  The  higher  weight  range,  which  resulted  In  a  slightly 
higher  crib  weight,  was  adopted  to  equalize  the  niaober  of  heavier 
and  lighter  sticks  discarded.  Table  VIII  also  shows  the  effect  of 
the  relative  humidity  in  the  storage  box  on  the  weight  of  the  crib. 
As  would  be  e:q>ected,  the  crib  Is  heavier  \dien  the  relative  huaildlty 
Is  higher  since  a  larger  moisture  content  Is  present  In  the  wood. 

To  eliminate  this  vsurlatlon,  the  wood  was  always  conditioned  at  a 
relative  humidity  of  about  2  percent. 
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Table  VIII.  Reproducibility  of  Crib  Weight 


Run 

No. 

Storage  Chamber 
Humidity  (!t) 

Averagb  Crib  Weight 

(S) 

Mean  Deviation 

Li) 

2  throu£^  6^ 

9.5 

2.25 

1.02 

-  3 

7  through  12* 

3.0 

2.12 

0.961^ 

±  2 

13  through  l6* 

5.0 

2.20 

1.00 

±  2 

17  through  29* 

2.0 

2.08 

0.9‘^5 

±5 

30  through  U3^ 

2.0 

2.20 

1.00 

±5 

a.  Stick  tolerance:  40.0  to  ^2.0  grams. 

b.  Stick  tolerance:  kl.O  to  ^3«0  grams. 


Table  IX  shove  that  the  maximum  mean  deviation  for 
the  time  required  to  bum  ^0  percent  of  the  crib  velght  vas  about 
plus  or  minus  10  percent.  This  value  Is  considered  good  for  the 
commercial  grade  of  vood  used. 

Table  IX.  Reproducibility  of  Combustion 


Run 

No. 

Average 

Crib 

Weight 

(lb) 

Average 

Weight 

Burned 

(lb) 

Percent 

Burned 

Average 

Time 

(sec) 

Mean 

Deviation 

(*) 

3  through  6* 

2.25 

1.12 

50 

263 

±8 

7  through  12^ 

2.12 

1.06 

50 

222 

±10 

a.  Draft  »  approximately  100  ft/mln. 

b.  Drsift  =  approximately  hOO  ft/mln. 


The  literature  review  revealed  that  the  extinction 
resistance  of  any  fire  depends  on  the  percent  burned  or  the  time  of 
combustion  before  spraying  Is  started.  The  results  in  Table  X  agree 
euad  sdso  show  that  this  resistance  tends  to  approach  a  constant 
val\ae  at  the  higher  percents  of  crib  burned.  An  optimum  percentage 
Is  one  where  slight  variations  in  operation  result  In  only  a  small 
change  In  the  reslstemce  and  where,  at  the  same  time,  the  crib  will 
hold  together  until  combustion  ceases.  At  the  flnsd.  nozzle  position, 
this  value  was  alround  40  percent. 

After  the  first  series  of  runs,  it  was  found  that  It 
would  be  desirable  to  Increase  the  resistance  to  extinction.  In 
addition  to  the  Increase  of  time  before  spraying  (which  has  limitations 


Table  X.  Effect  of  Time  Burned 
Before  Spraying  on  Extinction 


Uk 


Run 

Ho. 

Hozzle 

Position 

Percent  Crib  Burned 
before  Spraying 

Average  Time  for  Total 
Extinction  (seconds) 

Ik,  22,  23 

A 

20 

561 

15 

A 

25 

690 

13,  2k 

A 

30 

719 

40,  Ul 

Final 

30 

545 

k2,  43 

Final 

40 

603 

as  e:qplalned  In  the  prevloxus  subpauragraph) ,  there  are  two  other 
possible  methods  of  Increasing  the  resistance.  These  Include  use 
of  a  larger  crib  euid  use  of  a  stronger  draft.  The  latter  solution 
vas  en^loyed  because  the  size  of  the  crib  was  limited  by  the  spray 
pattern  of  the  nozzle  vAilch  was  mounted  In  a  fixed  position.  Table 
XI  shows  that  the  increasing  of  the  draft  by  the  enlargement  of  the 
hood  nearly  doubled  the  spraying  time. 

Table  XI.  Effect  of  Draft  on  Extinction 


Run 

Ho. 

Draft 

(ft/min) 

Hozzle 

Ho. 

Percent  Crib 
Burned  before 
Spraying 

Average  Time  for 
Totail  Extinction 
(sec) 

3,  5,  6 

100 

5.50 

50 

148 

7  through  10 

400 

5.50 

50 

280 

As 

tion  can  be  very 

Table  XII 

shown  In  Table  XII,  the  time  required  for  extlnc- 
sensitlve  to  the  position  of  the  nozzle. 

.  Effect  of  Hozzle  Position  on  Extinction 

Run 

Hozzle 

Average  Time  for  Total 

Ho.* 

Position 

Extinction  (sec) 

13,  24 

A 

719 

26,  27,  29 

B 

648 

30,  31,  34 

C 

586 

36  through  39 

D 

638 

40,  4l 

Pinal 

545 

*  All  runs  made  with  nozzle  Bo.  3*^0  ausd  30  percent  of  crib  burned 
before  spraying. 
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Althouc^  Position  B  resulted  from  loosening  of  the 
nozzle  moxint,  the  last  three  positions  were  planned  to  see  exactly 
vhat  this  effect  would  be.  The  reason  for  the  hl£^  sensitivity  Is 
that  the  different  positions  chaxiged  the  amount  of  the  spray  which 
reached  the  crib.  It  Is  believed  that  any  movement  of  the  nozzle 
which  does  not  alter  the  amount  of  water  caching  the  crib  will  not 
affect  the  time  for  extinction  to  such  an  extent. 

The  effect  of  room  humidity  and  tes^rature ,  If  any, 
was  not  apparent  In  the  standardization  runs,  ^e  literature  (^3) 
reports  that  In  centrifugal  nozzles  of  the  type  being  used  the  flow 
rate  Increases  sll^tly  and  the  spray  cone  angle  decreases  with  an 
Increase  in  viscosity.  Appeurently,  the  change  in  viscosity  of  water 
over  a  room  tenqperature  range  of  alMut  10  degrees  does  not  cause 
rate  and  angle  changes  which  are  noticeable  in  extinguishment  of  the 
fire.  These  results  are  shown  In  Table  XIII. 

Table  XIII.  Reproducibility  of  Total  Extinction 


Run 

No. 

Nozzle 

No. 

Nozzle 

Position 

Percent 
Crib  Burned 
Before 
Spraying 

Average  Time 
for  Total 
Extinction 
(sec) 

Mean 

Deviation 

(i) 

3,  5,  6® 

5.50 

A 

50 

148 

±  6 

7  through  10^ 

5.50 

A 

50 

280 

±8 

17,  18,  19^ 

4.50 

A 

25 

192 

i  9 

26,  27,  29^ 

3.50 

B 

30 

648 

±  3 

36  through  39^ 

3.50 

D 

30 

638 

±10 

1^0,  hl'^’ 

3.50 

Final 

30 

545 

±  9 

a.  Draft  approximately  100  ft/mln. 

b.  Draft  approximately  400  ft/mln. 


The  maximum  mean  deviation  of  10  percent  In  this  series  of  runs  is 
considered  reasonable  for  a  test  of  this  type;  It  Is  believed  that 
any  value  up  to  1$  percent  would  be  satisfactory.  In  all  series  of 
runs  made,  the  reproducibility  of  total  extinction  was  always  below 
15  percent. 

14.  Proof  Tests  for  Application  of  Antifreeze  Charges.  The 
laboratory  tests  described  In  the  preceding  sections  concern  the 
physlcal-phemlcal  properties  of  salt  solutions.  From  these  proper¬ 
ties,  a  formulation  was  selected  having  the  following  coopositlon: 
8.8  percent  lithium  chloride,  20.0  percent  calcium  chloride,  and 
71. S  percent  water  (balance). 
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For  pauskaglng  purposes,  lithlvu  chloride  Is  conveniently 
handled  as  an  anhydsrotis  salt.  CsJ.clum  chloride  Is  usually  available 
as  the  dlhydrate  CaCl2*2H20  In  tdilch  the  concentration  of  the  salt 
is  approximately  73  percent  with  the  balance  being  water.  Since 
lithium  chloride  is  strongly  deliquescent.  It  was  necessary  to  de¬ 
termine  If  LICI2  CaCl2'2H20  would  be  conpatlble  In  the  sane 
package.  Migration  of  the  water  of  hydration  could  resxilt  In  caking 
of  the  mixture  of  salt  granules.  To  detennlne  this  conq>atlblllty, 
sanqple  charges  were  made  \ip  (I/3  gallon  or  approximately  I.3  liter 
in  size  for  properly  mixed  charge  and  water)  and  placed  Into  poly¬ 
ethylene  bags  welching  6.3  to  6.7  grams  each.  The  bags  were  sealed 
by  fusing  of  the  open  end.  Two  units  were  subjected  to  hlgh- 
humldlty  exposure  (approximately  93  percent  at  90°  F),  one  to  low 
temperature  and  the  other  to  high  temx>erature . 

Another  test  procedure  used  was  as  follows.  The  proposed 
antifreeze  charge  made  up  with  fresh  water  was  placed  In  two  4-gallon, 
beu^-pack,  punp-type  extinguishers.  One  extinguisher  was  then  stored 
in  noraal  room  tenperatvire,  and  the  other  was  stored  in  a  tropical 
test  chamber  at  approximately  90°  F  93  percent  relative  humidity. 


IV.  TEST  RESULTS 

15.  Freezlng-Polnt-Depresslon  Study  and  Low-Temperature 
Viscosity.  The  esperimenteJ.  results  are  presented  In  Appendix  B  and 
ere  summarized  In  the  figures  as  noted  below  for  the  systems  having 
a  eutectic  point  below  minus  65°  F. 

Calclimi  chlorlde/llthlum  chloride/water.  Fig.  6. 

Llthlian  chlorlde/water.  Fig.  7* 

Calcium  nltrate/calclum  chlorlde/water,  Fig.  8. 

Calclxm  chlorlde/alumlnum  chlorlde/water.  Fig.  9* 

Zinc  chlorlde/calcltmi  chlorlde/water.  Fig.  10. 

Zinc  chlorlde/water.  Fig.  11. 

Esperlmental  results  are  presented  in  Appendix  B. 

Results  of  over  100  determinations  of  eutectic  teoperatures 
by  cooling  curves  are  given  In  Appendix  C.  In  these  studies,  the 
eutectics  at  which  the  concentration  of  the  freezing-point  depres- 
semts  was  the  lowest  were  of  prime  Interest,  since  It  was  observed 
that  these,  would  be  generally  the  lowest  and  would  correspond  to  the 
minimum  requirement  for  wel£d^t  of  depressants  to  antifreeze  a  given 


kture  ^ 


ka 


Vt.  i  Llthlui  Ctaloridt 

71g.  7.  Phase  diagram  for  llthivm  chloride/vater  system. 


Pig.  8.  Proven  liquid  area  at  minus  65®  P  In  calcium  nltrate/calclum  chlorlde/water  system. 


1 
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Fig.  9.  Proven  liquid  area  at  minus  6^  F  In  C8d.clum  chlorlde/alumlnum  chlorlde/water  system. 
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Fig.  11.  Phase  diagram  for  zinc  chlorlde/vater  system. 


quantity  of  water.  Where  multiple  eutectic  points  vere  observed,  It 
was  found  that  the  lowest  ternary  eutectic  temperature  was  In  a  re¬ 
gion  close  to  the  lowest  binary  eutectic  temperature.  Based  on  the 
eutectic  points  ^Ich  were  determined  to  be  less  than  minus  6y  F  In 
tengperature,  the  systems  were  selected,  for  phase -diagram  development 
at  minus  F  (minus  ^3*9°  C).  From  the  phase  diagrams  developed, 
it  is  seen  that  the  two  systems  presenting  eutectic  points  corres¬ 
ponding  to  solids  concentrations  less  than  30  percent  by  weight  axe 
lithlm  chloride /water  and  calclm-chlorlde/llthlum  chloride/water. 
In  addition  to  the  freezing  point  of  a  system,  the  viscosity  Is  Im¬ 
portant  and  must  not  be  greater  than  the  range  of  120  to  1^  centl- 
stokes  at  minus  F  (minus  ^3<9^  O).  Table  XIV  gives  the  result 
of  the  viscosity  determinations. 
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Table  XIV.  Results  of  Viscosity  Tests  at  Minus  F 


Formulation 

Conqposltlon 

Average 

Ifflia 

Time 

(sec) 

Klxwmatlc 

Viscosity 

(centi- 

stokes) 

Mtean 

Deviation 

(centl- 

stokes) 

1 

2hj(  lithium  chloride 
76it  water 

106 

71 

±r 

2b 

&,df>  lithium  chloride 
20,0$  calclxan  chloride 
71.2jt  water 

1050  ng/liter  NagCrOj^ 

106.5* 

2b  (sea 
water) 

8.8$  lithium  chloride 

20.0$  calcium  chloride 
71.2^6  sea  water 

1050  mg/llter  IIa2Cr0i^ 

123.6* 

3 

10$  calcium  nitrate 

2T$  calcium  chloride 

6356  water 

420 

276 

±  2 

k 

^  ferric  chloride 

2S$  calcium  chloride 

6^  water 

174 

115 

±  2 

5 

6$  aluminum  chloride 
2^$  calcium  chloride 
&S$  water 

247 

163 

±  2 

6 

20j(  zinc  chloride 

2^  ceQ.clum  chloride 

59p  water 

126 

83 

±1 

7 

^1^  zinc  chloride 
water 

306 

202 

+  2 

«  UBABIDL  data;  other  data  from  IMlrerslty  of  Maryland  study. 


l6.  Corrosion  Tests.  Table  XV  sximDarlzes  adl  the  results  ob¬ 
tained.  In  the  corrosion  study.  Figure  12  represents  these  same 
results  graphically.  Coeplete  results  are  given  In  Table  XXVI, 
pendlx  D .  Two  conclusions  are  evident  from  the  iresults .  The  first 
Is  that  Formulation  2  Is  the  least  corrosive  of  all  foxir  of  the 
formulations  tested.  The  corrosion  rates  obtained  In  Formulation  h 


Table  XV.  Corrosion  of  Various  Metals 
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(5  percent  ferric  chloride,  27  percent  calcltim  chloride,  66  percent 
water)  were  so  much  greater  than  those  obtained  In  the  other  formu¬ 
lations  that  they  could  xiot  be  represented  In  Fig.  12.  The  order  of 
Increasing  corrosiveness  for  the  formulations  Is:  2,  1,  3,  and  U; 
Formulation  1  Is  only  silently  less  corrosive  than  Formulation  3. 

The  second  cmcluslon  to  be  drawn  Is  that  sodium  chromate  was  a 
fairly  effective  Inhibitor  In  nearly  every  caise  where  It  was  used, 
althou^  It  appeeurs  to  be  relatively  more  effective  In  Formulation  2 
than  In  the  others.  This  Is  partlcxilarly  r«narkable  In  view  of  the 
fact  that  this  formulation  contained  less  chromate  than  Formulation 
1  (Table  VII ) .  It  Is  probable  that  the  chromate  would  have  been 
more  effective  In  Formulation  3  If  It  were  not  limited  to  such  a  low 
concentration  by  Its  solviblllty  In  this  mixture.  No  excess- chromate 
was  present  In  either  of  the  Inhibited  formulations  (2  and  3)  which 
were  saturated  with  It.  A  large  excess  would  result  In  the  me-ta- 
thetlcal  reaction  Na2Cr04  +  CaCl^Csol.)  =  CaCrOi,,(lnsol. )  +  2NaCl  (sol.) 
displacing  enough  csdclum  from  the  formulations  to  cause  precipitation 
at  minus  65°  F.  A  sll^t  excess,  however,  could  probably  be  -tolerated 
In  practice. 

The  results  obtained  with  steel  In  the  control  solutions 
are  not  considered  a  fair  basis  for  comparison  with  the  other  formu¬ 
lations.  That  part  of  the  metal  exposed  to  the  air  ax>peared  -bo  have 
been  acclden-tally  wetted  and  dried  alternately  at  least  once.  This 
caused  grea-ter  to-tal  cozroslon  of  -these  specimens  -than  of  -the  speci¬ 
mens  In  the  ejq)erlmen-tal  solutions.  The  copper  specimens  In  the  con¬ 
trol  solution  appesured  to  give  satis fac-tory  and  reproducible  results, 
and  -the  valtie  ob-talned  wl-th  -this  combination  (0.00099  Inch  per  yesu:) 
may  be  compared  with  those  of  the  other  solutions.  It  should  be  re¬ 
called  that  these  results  are  for  partial.  Immersion  In  quescent  solu¬ 
tions  with  the  solution  surface  exposed  to  air.  Those  metals  idilch. 

In  -the  various  formulations,  eqxialed  or  exceeded  -the  resls-tance  of 
copper  In  -the  control  solution  are  listed  in  Table  XVI. 

Table  XVI.  Metals  Passing  Corrosion  Test 


Formulation 

Me-tals  Corroding  Less  Than  0.001  Inch  per  yesu*^ 

1 

Alvmilnum 

1^ 

Aluminum,  brass,  steel,  zinc,  n»gneslum 

2 

Aluminum,  brass,  s-beel 

2b 

Alumlnvmi,  brass,  s-beel,  copper,  zinc,  magnesium 

3 

Copper 

3b 

Aluminum,  brass,  copper 

k 

None 

a. .  Corrosion  rate  of  copper  In  control  (2dj(  CaCl2,  JAN-C-34U) 

solution  »  O.OCX)99  ineb  per  year. 

b.  Inhibited. 
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In  reaction  to  all  the  Inhibited  fbmulatlona,  alxaintm 
ia  by  far  the  least  corroded  of  the  six  netals.  It  is  also  the 
netal  nost,  susceptible  to  the  action  of  the  inhibitor.  Zinc  and 
■agneslum  were  the  nost  corroded  In  all  the  uninhibited  solutions. 
None  of  the  metals  withstood  Formulation  U  to  any  reasonable  degree. 
In  this  solution  also,  zinc  and  magnesium  were  attacked  so  quickly 
that  no  rate  could  be  calculated  because  the  samples  disintegrated. 
The  attack  on  the  magnesium  in  sOl  solutions  was  a  pitting  type  in 
uhlch  laceworks  of  channels  were  formed  on  the  surface.  The  csdcu- 
lated  corrosion  rates  were  based  on  the  st^erflclal  area  exposed, 
however.  Brass,  steel,  and  copper  had  intermediate  rates  in  the 
various  solutions  and  were  very  nearly  the  same  in  Formulation  2. 

In  connection  with  the  excellent  resistance  of  sdumlnimi 
obtained  in  this  stiidy,  it  should  be  noted  that  the  previous  invest¬ 
igation  at  UBAERDL  (l)  into  the  corrosion  of  aluminum,  copper,  lead- 
tin  solder,  brass,  and  cast  iron  by  lithium-chloride  solutions  indi¬ 
cated  that  aluminum  was  the  most  readily  attacked  metal  at  a  pH  of 
7.5  aud  was  even  more  so  at  a  pH  of  8.^.  The  pH  of  the  2k  percent 
lithium-chloride  solutions  (Formulation  l)  studied  weis  6.6  to  6.7. 
Two  other  Inportant  differences  between  the  prevlovis  test  conditions 
(1)  and  those  used  here  are: 

a.  Previously,  the  different  specimens  apparently  were 
in  electrical  contact;  g^vanlc  couples  were,  therefore,  foimed 
accelerating  the  attack  on  the  aluminum  in  comparison  with  the  other 
metals.  The  specimens  in  this  investigation  were  in  isolated  saoqple 
bottles . 


b.  Previously,  the  specimens  were  in  agitated  solutions; 
those  used  in  the  test  described  were  in  quiescent  solutions. 

The  most  desirable  fozvulatlon  from  the  standpoint  of  cor¬ 
rosion  is  number  2.  Judged  by  its  (inhibited)  attack  on  electro¬ 
lytic  copper,  it  is  only  slightly  more  than  half  as  corrosive  as  the 
control  solution.  The  inhibited  attack  on  alusiinum,  brass,  steel, 
zinc,  and  magnesium  is  even  less  than  that  on  copper.  Vitltout  in¬ 
hibitor,  the  cozrosiveness  could  be  considered  excessive  only  to 
zinc  and  magnesium.  Foxmilatlons  1  and  3  are  someuhat  more  corro¬ 
sive  than  2;  however,  when  Formulation  1  is  inhibited,  it  is  about 
eqoal  in  corrosiveness  to  the  comparison  control  solution,  lAereas 
Formulation  3  cannot  be  Inhibited  to  the  same  degree  and  is  exces¬ 
sively  corrosive  to  zinc  and  magnesium  even  when  satuzeted  with 
sodium  chromate  (87  mg.  per  1.).  Fomulatlcm  is  more  corrosive 
than  Formulations  1,  2,  and  3  by  two  orden  of  magnitude.  It  is 
doubtful  that  any  adjustment  of  the  coaq^osition  of  this  solution 
within  the  limits  prescribed  by  the  freezing-point  requirements 
could  Isqprove  it  orough  to  make  it  acceptable. 
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The  excellent  performance  of  aluminum  has  already  heen 
pointed  out,  hut  It  should  he  mentioned  that  aluminum  In  himetalllc 
contact  with  less  active  metals  would  prohahly  not  show  this 
superiority.  Brass,  steel,  and  copper  had  Intermediate  rates  In  the 
various  formulations,  hut  the  best  choice  of  a  construction  material 
depends  on  the  formulation  under  consideration.  Zinc  and  magnesium 
are  too  active  to  withstand  the  attack  of  the  various  formulations 
except  1  and  2  Inhibited.  Because  of  the  pitting  attack  on  the  mag¬ 
nesium,  the  effective  penetration  of  this  metal  Is  actually  greater 
than  that  Indicated  In  Table  and  Fig.  12. 

Sodium  chromate  Is  an  effective  Inhibitor  even  where  used 
In  less  than  the  recommended  quantity  (3>^00  mg  per  liter). 

It  Is  probable  that  the  coxraslveness  of  Formulations  1, 

2,  and  3  could  be  lessened  even  more  by  addition  of  some  alkaline 
Ij^redlent  to  raise  the  pH.  Judging  from  the  results  with  Formula¬ 
tion  4,  Formulation  k  and  the  other  proposed  formulations  idilch  con¬ 
tain  zinc,  Iron,  and  aluminum  chlorides  would  probably  not  be  sus¬ 
ceptible  to  this  remedy  since  Insoluble  basic  chlorides  or  hydroxides 
would  be  formed  before  the  pH  was  hl£^  enough  to  lower  the  corrosion 
rate  to  an  acceptable  point. 

17*  Fire  Tests.  Figure  13  summarizes  the  results  of  the  fire 
tests.  Appendix  E  presents  the  test  results  in  greater  detail. 

Volume  superiority  factors  as  proposed  by  Bryan  and  Smith  (25)  are 


Fig.  13.  Fire  extinction  effectiveness. 
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plotted  in  Fig.  lU.  In  Figs.  13  and  l4,  superiority  of  the  LlCl 
CsClg  formulation  over  LlCl  Is  shown. 

18.  Proof  Tests.  From  the  preceding  tests,  It  Is  seen  that 
for  minus  65°  F  (minus  53*9°  C)  service,  the  formulation  of  inhib¬ 
ited  8.8  percent  LiCl2,  ^O.CTpercent  CaCl2,  and  71*2  percent  water 
appears  most  suited  from  the  standpoint  of  flre-fl£^tlng  effective¬ 
ness,  low-temperature  flvildlty,  corrosive  effect,  and  toxicity 
(zinc -chloride  base  formulations  are  considered  undesirable  since 
zinc  chloride  Is  clsussed  an  a  "poison").  Proof  tests  of  the  packag¬ 
ing  based  on  the  above  formulation  were  undertaken.  The  results  of 
these  tests  are  summarized  In  Table  XVII. 

Table  XVII.  Results  of  Three  Weeks  of  Storage 
at  High  and  Low  Temperature^’ 


Temperature 

Result 

1 

ON 

VJl 

0 

No  change  In  cxys'tals 

No  change  In  bags 

+150°  F 

No  change  In  crys'tals 

No  change  In  bags 

+170°  F 

No  change  In  crys-UU-s 
Polyethylene  bag  ruptured 

+90°  F,  99?t  R.H. 

No  change  In  crys'tals 

No  deterioration  of  bag 

’•••  Charges  In  polyethylene’  bags . 


There  was  no  noticeable  effect  of  storage  of  the  charged, 
k-gallon,  punp-type  extinguishers  at  el-ther  normal  s'torage  or  trop¬ 
ical  -tenqperature  and  high  humidity  s'torage. 


V.  CONCLUSIONS 

19.  Conclusions .  It  Is  concluded  that: 

a.  A  solution  having  20.0  percent  calcium  chloride  (CaCl^), 
8.8  percent  lithium  chloride  (LlCl),  and  71*2  percent  water  (H2O) 
con^sltlon  on  a  weight  basis  and  having  a  density  of  I.2265  at  68°  F 
(20°  C)  (5^)  Is  satisfactory  as  a  candidate  antifreeze  salt  for  wint¬ 
erizing  water  -to  minus  65°  F. 


<»V 


6l 


b.  SodluB  chromate  at  a  concentration  of  1/030  mg  per 
liter  of  solution  effectively  inhibits  the  corrosive  effect  of  the 
above  salt  solution  on  alunlnum,  steel,  brass,  zinc,  magnesium,  and 
copper. 


c.  Lithium-chloride  solution^  (approximately  23  percent 
LlCl  by  weight  in  water)  are  effectively  nonfreezing  to  below  minus 
65°  F  and  except  for  hl^er  cost  are  as  applicable  for  application 
in  antifreeze  charges  as  the  CaCl2  LlCl  mixture  in  solution  with 
water. 


d.  Dry  packaging  of  BaJ.t  charges  Including  the  inhibitor 
is  feasible. 
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_ SnEPROJBCT  OF  PaOJECT  8-76-OA-lOO 

"  « I— -■>■■■—  -  jvmtrMfow 

BBS  PBOiEBI  B&8B  fROQBSSS 


.  rMJttT  mu 


WATER  ADDITIVES,  FIRE  FIOfJTIIJCi  (u) 


8-76-04*109 


31  Dae  56 


Fira  Flgntlng 

MtS^T 

Corps  of  Engineers 

».  MtanUMMINCf 

Engr  Res  &  Dav  Oiv,  TO,  XE 

Itk  MMttrUM  amnct 

Offlca,  Chief  of  Engineers 

II.  rAATKIMTUM  Alie/M  €0 

Dept  of  the  Air  Foroe  (C) 
Dept  of  the  Navy  (C) 


Fighting,  Fire 


Engr  Res  it  Dev  Lab 


KIW4O7-05O 
13-041*007 
AF  (MADC)  6075 


Supersedes  project  card  dated  31  Deceal>er  1955* 


ere  is  a  req*^easiit  for  rapsrior  eater  additive  for 
ooebating  Class  A  (solid  poabistible)  and  Class  B  (liq[uid  ft^el)  fires.  Water  and 
eater  fog  are  need  for  oonibating  Class  A  fires.  IMependent  investigations  have 
shown  that  certain  salts  enhance  the  effectiveness  of  water  in  extingtiisblng  this 
type  fire,  and  aay  render  water  more  effeotive  against  Class  B  fires.  In  addi¬ 
tion  a  r^perior  fosa-prodnoing  ca^Ks^nd  is  desired  for  extinguishing  Class  B 
fires.  ft*otein  base  foams  now  in  «^se  do  not  possess  a  r^fficient  water  retention 
with  respect  to  the  elapsed  time  after  ap{di.oatlon  to  provide  the  best  possible 

fir.  ■attinrriith<ng  It  1.  anti eiiitl.d.  that  ttA  awtloi— nt  wlU  raarlt - 

***in  items  of  r^oh  aarked  si'periority  over  existing  itms  that  complete  replace¬ 
ment  will  be  Justified. 

21.  BRIEF  or  PROJECT  AND  OBJECTIVE; 
a*  Briefs 

(1)  Objectives 

De^opment  of  a  superior  water  additive  or  additives  for  nse  with 
eater  in  combating  Class  A  and  B  fires. 

(2)  Military  Characteristics  s 

(a)  The  water  additive  or  additives  shall; 

Render  water  more  efXective  in  exting*fishing  Class  A  fires, 

2«  IbndKT  water  effective  against  Class  B  fires. 
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f.  raOMCT  TtTU 


1  MCtMHTY  or  MOJKT 


WATER  A0D1TIVS3,  FIRE  FIGHTIMQ  (U) 


Block  21  a  eontinuod 

2a.  Insofar  as  possible  render  viater  effective  against  military 
liq*?id  ff'el  fires  in  addition  to  hydrocarbon  base  fnel  fires* 

4*  Be  more  effective  than  protein  base  foam  and  r«perior  to  snoh 
foam  in  the  physical  mrii/or  chemical  properties  which  are 
critical  from  the  standpoint  of  fire  exting^iishment. 

(b)  The  water  additive  or  additives  shall  be  siiitable  for  ^^se  in 

water  at  temperatures  from  /32  T  to  /l60  F,  shall  be  stable,  and 
not  affected  by  5  years  storage  at  temperatures  from  -80  F  to 
i4.60  F  and  shall  not  be  adversely  affected  by  freezing  up  to  50 
cycles  of  freeze  and  thaw* 

(o)  The  water  additive  or  additives  shall  be  easily  admixed  with 
water  at  the  point  of  use,  and  shall  be  effective  in  concentra¬ 
tions  not  exceeding  6  percent  by  volume  of  the  admixed  component* 

(d)  The  water  additive  or  additives  shall  be  more  corrosive  than 
protein  base  foam  (Type  5,  JAN-C-266). 

(e)  The  water  additive  or  additives  shall  be  easily  produced,  and 
shall  be  of  such  nature  that  perfomance  of  the  item  shall  not 
be  dependent  on  minor  process  variables,  or  teohniqi^es  of 
different  aanufaot^urers* 

(f )  The  water  additive  or  additives  shall  be  produced  from  non- 
oritioal  materials* 

(g)  Air  Transportability  is  not  req>'ired* 
b*  Apwoacht 

(1;  Conduot  studies  and  extensive  literature  search  on  use  of  salts,  foams, 
and  em>;lsions  in  formulation  of  more  effective  fire  fighting  solutions* 

(2)  Conduct  literature  and  laboratory  research  on  current  effective 
water  mechanisms  involved  in  their  activity* 

(3)  Mdce  oorrelations  of  chemical  structures  of  the  various  additives 
itsed  or  proposed  in  the  past  and  determine,  if  possible,  by  which 
mechanisms  the  fire  extingfiishing  performance  of  water  can  be 
significantly  augmented,  using  experimental  methods  to  verify  obsnrm- 

I  tiens  of  conclusions  idiere  necessary* 

(а)  Examine  the  relationship  of  water  additives  to  other  agents  such  as 
dry  powders,  flame  retardants,  and  vaporising  liquids  to  determine  if 
oh^oal  components  of  the  latter  classes  of  agents  may  be  advantage- 
ov^sly  incorporated  into  experimental  water  additives  for  subsequent 
tests* 

(5)  Conduct  engineering  tests  on  various  classes  of  water  additives  to 
determine  relative  merits  of  each  class* 

(б)  Select  most  prqaising  class,  or  classes,  for  further  development 
and  tests* 

(7)  Recommend  service  test  of  most  effective  item  or  itMs  meeting  all 
the  military  requirements* 
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MOMMttTCMO 

im  nm 


t  raaMCTTini 


VOTER  ADDITIVES^  FIRE  PlQHri)C  (U) 


^  CORIB  OP 


Block  21  oontinuod 
o«  Scbtoakat 

(1)  The  related  project  8-76-<XHX)2,  Fuel  Storage  Fire  Arotection*  viU 
rer^lt  in  the  developaeat  of  teohnlqitee  and  eq»ipaent  for  ecoibating 
liq»'id  t>^l  firee*  It  is  antieipeted  that  r^ch  techniquea  and  eqi^i]^ 
aent  shall  be  applicable  to  the  nee  of  any  iaproved  vater  additiye. 

(2)  Eraltiation  of  aechenlaae  of  action  of  raporiting  liquid  agents  in 
flaae  extingidahaenti  lender  project  d->76^-003y  Fire  Extingitishing 
Agent,  Inprcved,  Self-Contained,  aaj  proride  basis  for  inreatigation 
of  a  nev  class  of  water  additives* 

(3)  F^oject  HR  407-050  has  rea«^lted  in  laboratory  foaa  test  aethods  which 
have  been  nsed  in  EKDL  et^idies  involvii^  foaa  applioation.  Bata  on 
fire  tests  condh^cted  under  this  project  will  be  of  val^^e  in  fcnr^lating 
the  prograa  of  investigation* 

(4)  Aroject  NS  041-007  has  resulted  in  stability  data  for  existing  protein 
base  foaa*  It  is  anticipated  that  these  data,  and  test  experience  will 
be  utilised  in  farther  investigation* 

(5)  Aroject  (AF)  664-gOO  covers  work  on  agents  suitable  for  noo-hydrocarbon 
fitel  fires*  Liaison  will  be  aaintained  so  that  advantage  any  be  aale 
of  the  developaent  lender  the  project* 

d«  Other  Infomationt 

(1)  References! 

Thoaas  and  Roohwalt  (Industrial  Bi«ineerii%  Cheaistry,  Vol*  20, 
p  575-7,  1913)  reported  the  poeitive  effect  of  alkali  salts  on 
extingtiiahing  oil  fires* 

(2)  Biacnssiont 

(a)  Utoh  work  has  been  done,  on  the  use  of  salts  in  fightii^  Class  A 
fires  (Forestry  Service)  and  in  ccaponnding  flaae  retas^Unte  for 
Class  A  aaterial*  Industry  is  currently  engaged  in  research  on 

S retain  base  foaa  liqviid  to  aake  i^p  to  3  percent  solution* 

«tside  of  the  fire  fighting  industry  a  synthetic  foaa  with  a 
aethylated  oell^^loee  base  has  been  proposed,  whi^  oo^ld  be 
effective  at  2  percent  oonoentration  in  water*  Current  protein 
base  foaa  does  not'  possess  a  si^fficient  water  retention  idth 
respect  to  tiae  elapsed  after  applieaticn  to  provide  the  beat 
possible  fire  extii^ishiog  effect*  At  the  best  water  retentions 
obtainable,  the  fluidity  of  the  foaa  is  reduced  as  indicated  in 
NRL  Report  on  Foaa  Standardisation  Ifethods  dated  26  April  1948* 
Current  nheaical  powder  foaas  are  not  as  adaptable  to  ailitwy 
o|mUo^siiioe  thay  require  greater  care  in  handling  and 

(b)  The  previou^  reported  effects  and  proaieing  avenues  of  develqpaeni 


extingnishaant  where  these  fneld  are  involved* 


DD  .an.  613-1 


72 


UO  nWfCT  CAW 


73 


APPKWDIX  B 

EXPERlMSmAL  RESUI/TS 


Table  XVIII.  Resvilts  of  Freezing-Point  Experiments 


System  Syst«ii 

No. 


Lowest 
Eutectic 
Tenqperature 
Observed  (°F) 


N^marks 


1  Lithium  chloride/ 
water 


2  Calcium  chloride/ 
llthlian  chloride/ 
water 


3  Calclvim  chloride/  -73 
calclim  nitrate/ 
water 

h  Calclxm  chloride/ 
ferric  chloride/ 
water 


^  Calcium  chloride/  -68 

aluminum  chloride/ 
water 

6  Calcium  chloride/  below 

zinc  chloride/water 


No  eutectic  tenqperature 
observed  or  high  viscosity 
of  solution  at  low  ten^r- 
ature.  ^  A  32]^  lithium 
chloride  was  cooled  to 
-100°  F  without  precipita¬ 
tion  of  solid. 

Clear  solutions  observed 
below  -65°  F.  The  high 
viscosity  of  these  solu¬ 
tions  below  -70°  F  seems 
to  prevent  crystallization. 


Clear  solutions  observed 
below  -65°  F.  High  vis¬ 
cosity  at  low  tenperature 
seems  to  prevent  crystal¬ 
lization  In  solutions  con¬ 
taining  more  Iron  than 
calcium. 


•65  Solid-liquid  areas  of  this 
system  at  -100°  F  are 
available  in  the  litera¬ 
ture  (6). 
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Table  XVIII  (cont'd) 


7 

Zinc  chlorlde/vater 

Eutectic  ten^rature  re¬ 
ported  in  International 
Critical  Tables  at  -8l°  P. 

8 

Calcium  chloride/ 
aluminum  nitrate/ 
water 

-72 

- 

9 

Calcium  nitrate/ 
ferric  chloride/ 
water 

Clear  solutions  observed 
below  -65®  P.  Eutectic 
ten^rature  could  not  be 
determined  because  of  hlg^ 
viscosity  of  solution. 

10 

Calclvmi  chloride/ 
lithium  bromide/ 
water 

-74 

Bromide  less  desirable 
than  chloride  which  subse¬ 
quently  proved  satisfactory 

11 

Calcium  chloride/ 
magnesium  bromide/ 
water 

-68 

Rejected  because  systems 
containing  bromide  were 
believed  to  be  less  desir¬ 
able  than  other  accepted 
systems . 

12 

Calcium  chloride/ 
magnesium  nitrate/ 
water 

-68 

• 

13 

Celclum  chloride/ 
Bodlm  lodlde/water 

-68 

Iodide  less  desirable  than 
chloride  which  subsequent¬ 
ly  proved  satisfactory. 

14 

Calclm  chloride/ 
ferric  nitrate/water 

-66 

- 

15 

Calcium  chloride/ 
zinc  nltrate/water 

-66 

- 

16 

Calcim  chloride/ 
c\q;>rlc  nitrate/water 

I 

ON 

e 

- 

17 

Sodium  lactate/water 
Potassium  lactate/ 
water 

Solution  very  viscous  at 
-650  P.  No  eutectic  tem¬ 
perature  observed  on  solid¬ 
ification  of  a  sample  of 
solution. 
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Tflible  XVIII  (cont'd) 


18 

Calcium  chloride/ 
sodium  lactate/ 
water 

- 

High  viscosity  seems  to 
prevent  crystallization. 

Qel  observed  on  cooling 
below  -65®  P. 

19 

Calcium  Iodide/ 
water 

* 

Aqueous  solution  changes 
to  an  orange  color  on 
standing. 

20 

Calcium  chloride/ 
calcium  'bromide/ 
water 

-6k 

• 

21 

Calcium  chloride/ 
cupric  chloride/ 
water 

-6k 

- 

22 

Calcium  chloride/ 
zinc  bromide/water 

-63 

This  eutectic  was  observed 
near  the  calcium  chloride 
eutectic  conqposltlon. 

23 

Calcium  chloride/ 
magnesium  chloride/ 
water 

-62 

- 

2k 

Calcium  chloride/ 
sodium  chloride/ 
water 

-6l 

- 

25 

Aluminum  bromide/ 
water 

mm 

Aluminum  bromide  hydrolyzes 
to  form  an  insoluble 
product. 

26 

Calclxm  lactate/water 
Magnesium  lactate/ 
water 

• 

Both  salts  are  relatively 
Insoliible. 
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Table  XIX.  Data  for  Pbaae  Diagram, 
Lltblxn  Chlorlde/Vater 


Teioperature 

LlCl  Content  of 
Solutions  Which 
Contained  lee 
(Wt  i  LiCl) 

LlCl  Content  of 
Solutions  Which 
Were  Liquid 
(WtiLlCl) 

LlCl  Content  of 
Solution  Containing 
Pireclpltated  Salt 
(Wt  i  LlCl) 

-72 

0  throu^  22 

23  throu^  33 

34  through  36 

-65 

0  through  21 

22  throxigh  33 

34  throuj^  36 

-35 

0  throu^  18 

19  through  34 

35  through  38 

-32 

- 

35 

36  through  38 

-21 

- 

35 

36  through  38 

77 


Table  XX.  Data  for  Zinc  Chlorlde/Calclum  Chlorlde^ater  System 


Sanqple 

No. 

CaCl2 

ZnClo 

(io 

Description  of  Sanqple  at  >6^  F  With 
Zatiaated  it  of  Saagple  Hhlch  was  Solid 

1 

73 

16.2 

10.8 

Solid 

2 

71;  5 

7.0 

21.5 

solid  on  top 

3 

71.0 

14.0 

15.0 

Facially  solid 

k 

69.8 

5.0 

25.2 

Beit  solid 

5 

69.3 

12.3 

18.4 

90jl  solid  on  top 

6 

68.8 

20.2 

u.o 

9oj(  solid  on  top 

7 

68.6 

28.2 

3.2 

Solid 

8 

68.2 

26.9 

4.9 

solid  on  top 

9 

67.7 

3.0 

29.3 

Partially  solid 

10 

67.5 

10.3 

22.2 

90j(  solid  on  top 

11 

67.0 

18.0 

15.0 

90j(  solid  on  top 

12 

65.9 

25.1 

9.0 

9Cfft  solid  on  top 

13 

65.8 

8.2 

26.0 

90j(  solid  on  top 

lU 

65.2 

28.8 

6.0 

1^  solid  on  top 

15 

65.2 

16.2 

18.6 

90j(  solid  on  top 

16 

65.0 

24.0 

11.0 

SOfL  solid  on  top 

17 

64.6 

32.3 

3.1 

Partially  solid 

18 

64.3 

23.7 

12.0 

6C$  solid  on  top 

19 

64.0 

27.0 

9.0 

40>  solid  on  top 

20 

63.8 

6.1 

30.1 

6^  solid  on  top 

21 

63.5 

14.1 

22.4 

9oj(  solid  on  top 

22 

63.2 

30.8 

6.0 

1^  solid  on  top 

23 

63.0 

22.0 

15.0 

8oj(  solid  on  top 

2k 

63.0 

22.0 

15.0 

70)1  solid  on  top 

25 

62.8 

34.2 

3.0 

^  solid  on  bottom,  lOft  solid  on  top 

26 

62.8 

25.5 

11.7 

Soft  solid  on  top 

27 

62.2 

28.9 

8.9 

Clear  liquid 

28 

61.8 

12.1 

26.1 

6C$  solid  on  top 

29 

61.8 

4.1 

34.1 

3)(  solid  on  top 

30 

61.7 

35.2 

3.1 

oOfft  solid  on  bottom,  20)(  solid  on  top 

31 

61.6 

20.5 

17.9 

Partially  solid 

32 

61.4 

32.5 

6.1 

^Ofi  solid  on  bottom 

33 

61.3 

23.8 

14.9 

80p  solid  on  top 

3^ 

61.3 

20.2 

18.5 

60)(  solid  on  top 

35 

60.8 

27.1 

12.1 

Clear  liquid 

36 

60.2 

33.8 

6.0 

Partially  solid 

37 

60.2 

30.8 

9.0 

Partially  solid 

38 

60.2 

18.8 

21.0 

80)(  solid  on  top 

39 

60.0 

22.0 

18.0 

soft  solid  on  top 

ko 

59.9 

18.2 

21.9 

*1^  solid  on  top 

ifl 

59.8 

29.0 

11.2 

80)(  solid  on  bottom 

42 

59.8 

9.8 

30.4 

2$  solid  on  top 

43 

59.5 

25.5 

15.0 

Clear  liquid 

44 

59.5 

1.8 

28.7 

Clear  liquid 

45 

59.0 

32.0 

9.0 

Partially  solid 
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Table  XX  (cont'd) 


46 

58.8 

17.2 

24.0 

QOfft  solid  on  top 

47 

58.6 

20.5 

20.9 

70j(  solid  on  top 

48 

58.1 

23.8 

18.1 

Clear  liquid 

49 

58.0 

31.0 

11.0 

ClecLT  liquid 

50 

58.0 

16.1 

25.9 

jft  solid  on  top 

51 

57.8 

30.3 

11.9 

Partially  solid 

52 

57.8 

27.2 

15.0 

Clear  liquid 

53 

57.8 

7.8 

34.4 

Clear  liquid 

5‘^ 

57.2 

18.8 

24.0 

solid  on  top 

55 

57.0 

22.0 

79.0 

Clear  liquid 

56 

56.5. 

25.5 

18.0 

Clear  liquid 

57 

56.3 

28.8 

14.9 

Clecu:  liquid 

58 

56.3 

28.7 

15.0 

Partially  solid 

59 

56.0 

28.0 

16.0 

Clear  liquid 

60 

56.0 

14.1 

29.9 

Clear  liquid 

61 

55.5 

20.2 

24.3 

Clear  liquid 

62 

55.5 

52.0 

39.3 

Clear  liquid 

63 

55.0 

23.8 

21.2 

Clear  liquid 

6k 

54.2 

11.9 

33.9 

Clear  liquid 

65 

54.0 

22.0 

24.0 

Clear  liquid 

66 

53.9 

25.1 

21.0 

Clear  liquid 

67 

53.6 

24.7 

21.7 

Clear  liquid 

68 

53.3 

2.8 

43.9 

Clear  liquid 

\69 

52.5 

23.5 

24.0 

Cleeu:  liquid 

70 

52.0 

9.2 

38.8 

Boft  solid  on  bottom 

71 

50.8 

20.3 

28.9 

Clear  liquid 

72 

50.2 

29.0 

29.8 

Clear  liquid 

73 

50.0 

6.9 

43.1 

^  solid  on  bottom 

74 

48.7 

17.2 

34.1 

^  solid  on  bottom 

75 

48.0 

4.6 

47.4 

Cleeo:  liquid 

76 

46.3 

14.0 

39.7 

Clear  liquid 

77 

44.8 

11.8 

44.4 

ClecLT  liquid 

78 

42.9 

8.8 

48.3 

lO^l  solid  on  bottom 

79 

58.0 

18.5 

23.5 

Solid 

80 

56.5 

23.5 

20.0 

Clear  liquid 

81 

56.0 

17.5 

26.5 

Solid 

82 

55.5 

20.0 

24.5 

Cleeur  liquid 

83 

54.5 

29.0 

16.5 

Solid 

84 

54.5 

24.5 

21.0 

Clear  liquid 

85 

54.0 

18.0 

28.0 

Clear  liquid 

86 

53.0 

21.0 

26.0 

Clear  liquid 

87 

52.5 

26.0 

21.5 

Clear  liquid 

88 

52.5 

19.0 

28.5 

Clear  liquid 

89 

51.5 

24.0 

24.5 

Cleso:  liquid 

90 

51.5 

21.5 

27.0 

Clear  liquid 

91 

50 

22.5 

27.5 

Clear  liquid 

92 

50 

20.0 

30.0 

Clear  liquid 

93 

48.5 

20.5 

31.0 

Clear  liquid 

94 

47.5 

19.0 

33.5 

Clesur  liquid 

17.0 

37.5 

Clear  liquid 
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Talsle  XXI.  Data  for  Lithium  Chlorlde/Calclum  Chlorlde/Water 


Sample  H2O  CaCl^  LlCl  Description  of  Sanqple  at 

No.  -65°  P  with  Estimated  it  of 

iit) _ H)  (it) _ Sample  Which  was  Solid 


101 

82 

15 

3 

102 

82 

12 

6 

103 

82 

9 

9 

loh 

82 

6 

12 

105 

82 

3 

15 

106 

80 

17 

3 

107 

80 

14 

6 

108 

80 

11 

9 

109 

80 

8 

12 

no 

80 

5 

15 

111 

80 

2 

18 

112 

78 

19 

3 

113 

78 

16 

6 

llU 

78 

13 

9 

n5 

78 

10 

12 

n6 

78 

7 

15 

117 

78 

4 

18 

118 

76 

21 

•  3 

119 

76 

18 

6 

120 

76 

15 

9 

121 

76 

12 

12 

122 

76 

9 

15 

123 

76 

6 

18 

124 

76 

3 

21 

125 

74 

23 

3 

126 

74 

20 

6 

127 

74 

17 

9 

128 

74 

14 

12 

129 

74 

11 

15 

130 

74 

8 

18 

131 

74 

5 

21 

132 

72 

25 

3 

133 

72 

22 

6 

134 

72 

19 

9 

135 

72 

16 

12 

136 

72 

13 

15 

137 

72 

10 

18 

138 

72 

7 

21 

139 

72 

4 

24 

l4o 

72 

16 

12 

l4l 

72 

13 

15 

142 

72 

10 

18 

143 

72 

7 

21 

Solid 

Solid 

Solid 

Solid 

Solid 

Solid 

Solid 

Solid 

Solid 

9^  solid  on  top  of  solution 

Solid 

Solid 

Solid 

99lt  solid  on  top 
99it  solid  on  top 
Solid 

Clear  solution  (metas table) 

Solid 

Solid 

95lt  solid  on  top 
Solid 

sofa  solid  on  top 
Clear  solution 
Clear  solution 
9^  solid  on  top 
95lt  solid  on  top 
^ojt  solid  on  top 
^ojt  solid  on  top 
Clear  liquid 
Clear  liquid 
Cleeu:  liquid 
9^  solid  on  top 
30it  solid  on  top 
Clear  liquid 
Cleaor  liquid 
Clear  liquid 
Clear  liquid 
Clear  liquid 
Clear  liquid 
Clear  liquid 
Clear  liquid 
Clear  liquid 
Clear  liquid 
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e  I  Taljle  XXI  (cont'd) 


lUU 

72 

4 

24 

Clear  liquid 

145 

70 

24 

6 

Clear  liquid  (metastable) 

146 

70 

21 

9 

Clear  liquid 

147 

70 

18 

12 

Clear  liquid 

148 

70 

15 

15 

Clear  liquid 

149 

70 

12 

18 

Clear  liquid 

150 

70 

9 

21 

Clear  liquid 

151 

70 

6 

24 

Clear  liquid 

152 

68 

29 

3 

Clear  liquid  (metastable) 

153 

68 

26 

6 

solid  on  bottom 

154 

68 

23 

9 

Clear  liquid  (metastable) 

155 

68 

20 

12 

60^  solid  on  bottom 

156 

68 

17 

15 

4oj(  solid  on  bottom 

157 

68 

14 

18 

4o^  solid  on  bottom 

158 

68 

11 

21 

40j^  solid  on  bottom 

159 

68 

8 

24 

2551  solid  on  bottom 

160 

66 

31 

3 

Solid 

161 

66 

28 

6 

Solid 

162 

66 

25 

9 

Solid 

163 

66 

22 

12 

Solid 

164 

66 

19 

15 

Solid 

165 

66 

16 

18 

Solid 

166 

66 

13 

21 

Solid 

167 

66 

10 

24 

Solid 

168 

64 

33 

3 

Solid 

169 

64 

30 

6 

Solid 

170 

64 

27 

9 

Solid 

171 

64 

24 

12 

Solid 

172 

64 

21 

15 

Solid 

173 

64 

18 

18 

Solid 

174 

64 

15 

21 

Solid 

175 

64 

12 

24 

Solid 

176 

62 

35 

3 

Solid 

177 

62 

32 

6 

Solid 

178 

62 

29 

9 

Solid 

179 

62 

26 

12 

Solid 

180 

62 

23 

15 

Solid 

181 

62 

20 

18 

Solid 

182 

62 

17 

21 

Solid 

183 

62 

14 

24 

Solid 

184 

68 

29 

3 

Clear  liquid  (metastable) 

185 

68 

28 

4 

Clear  liquid  (metastable) 

186 

68 

27 

5 

50^  solid 

187 

68 

26 

6 

Clear  liquid  (metastable) 

188 

68 

25 

7 

Clear  liquid  (metastable) 

189 

68 

24 

8 

Clear  liquid  (metastable) 
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Table  XXI  (cont'd)  • 


190 

68 

23 

9 

%  solid  on  bottom 

191 

68 

22 

10 

Clear  liquid 

192 

68 

21 

11 

solid  on  bottom 

193 

68 

20 

12 

15>  solid  on  bottom 

19** 

68 

19 

13 

solid  on  bottom 

195 

68 

18 

14 

4oj(  solid  on  bottom 

196 

68 

17 

15 

4o^  solid  on  bottom 

197  * 

73 

22 

5 

Solid 

198 

73 

21 

6 

Solid 

199 

73 

20 

7 

6036  solid  on  top 

200 

73 

19 

8 

4oj(  solid  on  top 

201 

73 

18 

9 

7036  solid  on  top 

202 

73 

18 

10 

6036  solid  on  top 

203 

73 

16 

11 

103(  solid  on  top 

201* 

73 

15 

12 

Clear 

205 

72 

23 

5 

903^  solid  on  top 

206 

72 

22 

6 

80^  solid  on  top 

207 

72 

21 

7 

403t  solid  on  top 

208 

72 

20 

8 

203^  solid  on  top 

209 

72 

19 

9 

Clear  liquid 

210 

72 

18 

10 

Clear  llqtild 

211 

72 

17 

11 

Clear  liquid 

212 

72 

16 

12 

Clear  llqtild 

213 

71 

24 

5 

Clear  liquid  (metastable) 

214 

71 

23 

6 

Clear  liquid  (metastable) 

215 

71 

22 

7 

Clear  liquid  (metastable) 

216 

71 

21 

8 

Clear  liquid 

217 

71 

20 

9 

Clear  liquid 

218 

71 

19 

10 

Clear  liquid 

219 

71 

18 

11 

Clear  liquid 

220 

71 

17 

12 

Clear  liquid 

221 

70 

25 

5 

Cleeo:  liquid  (metaatable) 

222 

70 

24 

6 

Clear  liquid  (metaistable) 

223 

70 

23 

7 

Clear  liquid  (metastable) 

224 

70 

22 

8 

Clear  liquid  (bovmdry  point) 

225 

70 

21 

9 

Clear  liquid 

226 

70 

20 

10 

Clear  llqxild 

227 

70 

19 

11 

Clear  liquid 

228 

70 

18 

12 

Clear  liquid 

229 

69 

26 

5 

Clear  liquid  (metastable) 

230 

69 

25 

6 

Clear  liquid  (metastable) 

231 

69 

25 

6 

Clear  liquid  (metastable) 

232 

69 

23 

8 

Clear  liquid  (metastable) 

233 

69 

22 

9 

Clear  liquid  (metastable) 

234 

69 

21 

10 

Clear  liquid  (metastable) 

235 

69 

20 

11 

Clear  liquid  (metastable) 
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Table  XXI  (cont*d) 


236 

69 

19 

12 

Clear  liquid  (metastable) 

237 

68 

27 

5 

Clear  liquid  (metastable) 

238 

68 

26 

6 

30jl  solid  on  bottom 

239 

68 

25 

7 

Clear  liquid  (metastable) 

240 

68 

24 

8 

Clear  liquid  (metastable) 

241 

68 

23 

9 

Clear  liquid  (metastable) 

242 

68 

22 

10 

Clear  liquid  (metastable) 

243 

68 

21 

11 

Clear  liquid  (metastable) 

244 

68 

20 

12 

30^  solid  on  bottom 

245 

72.5 

25.0 

2.5 

Solid 

246 

72.5 

24.5 

3.0 

Solid 

247 

72.5 

24.0 

3.5 

Solid 

248 

72.5 

23.5 

4.0 

Solid 

249 

72.5 

23.0 

4.5 

Solid 

250 

72.5 

22.5 

5.0 

Solid 

251 

72.5 

22.0 

5.5 

Solid 

252 

71.5 

26.0 

2.5 

99?t  solid  on  top 

253 

71.5 

25.5 

3.0 

95?  solid  on  top 

254 

71.5 

25.0 

3.5 

90^  solid  on  top 

255 

71.5 

24.5 

4.0 

dOf)  solid  on  top 

256 

71.5 

24.0 

4.5 

60?  solid  on  top 

257 

71.5 

23.5 

5.0 

20^  solid  on  top 

258 

71.5 

23.0 

5.5 

5^  solid  on  top 

259 

70.5 

27.0 

2.5 

10j(  solid  on  top 

260 

70.5 

26.5 

3.0 

5^  solid  on  top 

261 

70.5 

26.0 

3.5 

Clear  liquid  (metastable) 

262 

70.5 

25.5 

4.0 

Clear  liquid  (metastable) 

263 

70.5 

25.0 

4.5 

Clear  liquid  (metastable) 

264 

70.5 

24.5 

5.0 

Clear  liquid  (metastable) 

265 

70.5 

24.0 

5.5 

Clear  liquid  (metastable) 

266 

69.5 

28.0 

2.5 

Cleer  liquid  (metastable) 

267 

69.5 

27.5 

3.0 

Clear  liquid  (metastable) 

268 

69.5 

27.0 

3.5 

Clear  liquid  (meteietable) 

269 

69.5 

26.5 

4.0 

Clear  liquid  (metastable) 

270 

69.5 

26.0 

4.5 

Clear  liquid  (metastable) 

271 

69.5 

25.5 

5.0 

Clear  liquid  (metastable) 

272 

69.5 

25.0 

5.5 

Clear  11  quid  «  (metastable) 

273 

68.5 

29.0 

2.5 

Clear  liquid  (metastable) 

274 

68.5 

28.5 

3.0 

Clear  liquid  (metastable) 

275 

68.5 

28.0 

3.5 

Clear  liquid  (metastable) 

276 

68.5 

27.5 

4.0 

Clear  liquid  (metastable) 

277 

68.5 

27.0 

4.5 

Clear  liquid  (metsis table) 

278 

68.5 

26.5 

5.0 

Clear  liquid  (metastable) 

279 

68.5 

26.0 

5.5 

Clear  liquid  (metsustable) 

280 

67.5 

30.0 

2.5 

Clear  liquid  (metastable) 

281 

67.5 

29.5 

3.0 

Clear  liquid  (metastable) 
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282 

67.5 

29«0 

3.5 

Clear  liquid  (metastable) 

283 

67.5 

28.5 

4.0 

Clear  liquid  (metastable) 

281^ 

67.5 

28.0 

4.5 

Clear  liquid  (metastable) 

285 

67.5 

28.5 

5-0 

Clear  liquid  (metastable) 

286 

67.5 

27.0 

5.5 

Cl«eu:  liquid  (metastable) 

287 

68.0 

31.0 

1.0 

Solid 

288 

68.0 

30.0 

2.0 

^0^  solid  on  bottom 

289 

67.0 

32.0 

1.0 

Boft  solid  on  bottom 

290 

67.0 

31.0 

2.0 

Clear  liquid  (metastable) 

291 

67.0 

30.0 

3.0 

Clear  liquid  (metastable) 

292 

67.0 

29.0 

4.0 

Clear  liquid  (metastable) 

293 

67.0 

28.0 

5.0 

Clear  liquid  (metastable) 

29^ 

67.0 

27.0 

6.0 

Clear  liquid  (metastable) 

295 

67.0 

26.0 

7.0 

Clear  liquid  (metastable) 

296 

67.0 

25.0 

8.0 

Clear  liquid  (metastable) 

297 

66.0 

33.0 

1.0 

Solid 

298 

66.0 

32.0 

2.0 

Solid 

299 

66.0 

31.0 

3.0 

Solid 

300 

66.0 

30.0 

4.0 

Solid 

301 

66.0 

29.0 

5.0 

Solid 

302 

66.0 

28.0 

6.0 

Solid 

303 

66.0 

27.0 

7.0 

Solid 

304 

66.0 

26.0 

8.0 

Solid 

305 

63.5 

30.5 

6.0 

Solid  on  bottom 

306 

65.0 

29.2 

5.8 

Solid  on  bottom 

307 

66.0 

28.5 

5.5 

Clear  liquid  (metastable) 

308 

67.5 

27.3 

5.2 

Clear  liquid  (metastable) 

309 

68.5 

26.5 

5.0 

Clear  liquid  (metastable) 

310 

70.0 

25.0 

5.0 

Clear  liquid  (metastable) 

311 

71.5 

23.7 

4.8 

Clear  liquid  (metastable) 

312 

72.5 

22.9 

4.6 

Solid  on  top 

313 

73.5 

22.1 

4.9 

Solid  on  top 

314 

75.0 

20.8 

4.2 

Solid  on  top 

Table  XXII.  Data  for  Calcium  Nitrate/ 
,Cedclum  Chlorlde/Water  System 


Sanqple 

No. 

CaClo 

Oil 

Ca(N0o)o 

iiV 

Description  of 
Solution  at  -65®  F 

400 

70.0 

28.0 

2.0 

95J(  solid  on  top 

'  Iwi 

70.0 

25.0 

5.0 

95j(  solid  on  top 

402 

70.0 

22.5 

7.5 

95)1  solid  on  top 

403 

70.0 

20.0 

10.0 

Solid 

4o4 

70.0 

15.0 

15.0 

Solid 

405 

70.0 

10.0 

20.0 

Solid 

406 

70.0 

5.0 

25.0 

Solid 

407 

68.0 

30.0 

2. 

Clear  liquid 

408 

68.0 

27.0 

5.0 

90ft  solid  on  top 

409 

68.0 

24.5 

7.5 

95)6  solid  on  top 

4l0 

68.0 

22.0 

10.0 

Solid 

411 

68.0 

17.0 

15.0 

Solid 

412 

68*0 

*12. 

20.0 

Solid 

413 

68.0 

7.0 

25.0 

Solid 

415 

68.0 

2.0 

30.0 

Solid 

4l6 

66.0 

32.0 

2.0 

Solid 

417 

66.0 

29.0 

5.0 

Clear 

4l8 

66.0 

26.5 

7.5 

5)(  solid  on  top 

419 

66.0 

24.0 

10.0 

90)^  solid  on  top 

420 

66.0 

19.0 

15.0 

95)^  solid  on  top 

421 

66.0 

14.0 

20.0 

Solid 

422 

66.0 

9.0 

25.0 

Solid 

423 

66.0 

4.0 

30.0 

Solid 

424 

64.0 

34.0 

2.0 

Solid 

425 

64.0 

31.0 

5.0 

Clear  liquid 

426 

64.0 

28.5 

7.5 

Clear  liquid 

427 

64.0 

26.0 

10.0 

Cleau:  liquid 

428 

64.0 

21.0 

15.0 

9%  solid  on  top 

429  • 

64.0 

16.0 

20.0 

95^  solid  on  top 

430 

64.0 

11.0 

25.0 

Solid 

431 

64.0 

6.0 

30.0 

Solid 

432 

62.0 

36.0 

2.0 

Solid 

433 

62.0 

33.0 

5.0 

Solid 

434 

62.0 

30.5 

7.5 

Clear  liquid 

435 

62.0 

23.0 

15.0 

Clear  liquid 

436 

62.0 

18.0 

20.0 

95)(  solid  on  top 

437 

62.0 

13.0 

25.0 

95jt  solid  on  top 

438 

62.0 

8.0 

30.0 

Solid 

439 

59.5 

35.5 

5.0 

Solid 

440 

59.5 

33.0 

7.5 

Solid 

441 

59-5 

30.5 

10.0 

Clear  liquid 

442 

59.5 

28.0 

12.5 

Clear  liquid 

443 

59.5 

25.5 

15.0 

Clear  liquid 

Table  XXII  (cont'd) 


kkk 

445 

446 

447 

448 

59.5 

59.5 

59.5 

58.5 

58.0 

20.5 

15.5 

10.5 

26.5 

22.0 

20.0 

25.0 

30.0 

15.0 

20.0 

Clear  liquid 

9^  solid  on  top 
Solid 

Solid 

Clear  liquid 

Table  XXIII.  Data  for  Ferric  Chloride/ 

CeQ-clum  Chlorlde/Water  Eastern 

Sample 

No. 

CaClA 

(i) 

FeClii 

Description  of 
Solution  at  -65°  F 

449 

70.0 

27.5 

2.5 

SO^  solid  on  top 

450 

70.0 

25.0 

5.0 

8oj(  solid  on  top 

451 

70.0 

20.0 

10.0 

Solid 

452 

70.0 

15.0 

15.0 

Solid 

‘^53 

70.0 

10.0 

20.0 

Solid 

454 

70.0 

5.0 

25.0 

Solid 

455 

68.0 

29.5 

2.5 

Clear  liquid 

456 

68.0 

27.0 

5.0 

Clear  liquid 

457 

68.0 

22.0 

10.0 

3J(  solid  on  top 

458 

68.0 

17.0 

15.0 

80^  solid  on  top 

459 

68.0 

12.0 

20.0 

90j(  solid  on  top 

460 

68.0 

T.O 

25.0 

Solid 

461 

66.0 

31.5 

2.5 

Clear  liquid 

462 

66.0 

29.0 

5.0 

Clear  liquid 

463 

66.0 

24.0 

10.0 

Clear  liquid 

464 

66.0 

19.0 

15.0 

Clear  liquid 

465 

66.0 

14.0 

20.0 

lOjt  solid  on  top 

466 

66.0 

9.0 

25.0 

50>  solid  on  top 

467 

64.0 

33.5 

2.5 

Solid 

468 

64.0 

31.0 

5.0 

Clear  liquid 

469 

64.0 

26.0 

10.0 

Clesu*  liquid  . 

470 

64.0 

21.0 

15.0 

Clear  liquid 

471 

64.0 

16.0 

20.0 

Clear  liquid 

472 

64.0 

11.0 

25.0 

Clear  liquid 

473 

62.0 

35.5 

2.5 

Solid 

474 

62.0 

33-0 

5.0 

Solid 

475 

62.0 

28.0 

10.0 

Clear  liquid 

476 

62.0 

23.0 

15.0 

Solid 

477 

62.0 

18.0 

20.0 

Clear  liquid 

478 

62.0 

13.0 

25.0 

Clear  liquid 
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Table  XXIV.  Data  for  Aluminum  Chloride/ 
Calcium  Chloride/tfater  System 


San^le 

No. 

CaClo 

m  ^ 

Description  of 
Simple  at  -65°  F 

501 

75.0 

20.0 

5.0 

Solid 

502 

75.0 

15.0 

10.0 

Solid 

503 

75*0 

10.0 

15.0 

Solid 

50U 

75.0 

5.0 

20.0 

Solid 

505 

75.0 

2.0 

23.0 

Solid 

506 

73.0 

22.0 

5.0 

Solid 

507 

73.0 

17.0 

10.0 

Solid 

508 

73.0 

12.0 

15.0 

Solid 

509 

73.0 

7.0 

20.0 

Clear  liquid 

510 

73.0 

2.0 

25.0 

Clear  liquid 

511 

71.0 

27.0 

2.0 

Solid 

512 

71.0 

24.0 

5.0 

Solid 

513 

71.0 

19.0 

10.0 

Clear  liquid 

514 

71.0 

14.0 

15.0 

Clear  liquid 

515 

71.0 

9.0 

20.0 

Clear  liquid 

516 

71.0 

4.0 

25.0 

Clear  liquid 

517 

71.0 

2.0 

27.0 

Clear  liquid 

518 

69.0 

29.0 

2.0 

Clear  liquid 

519 

69.0 

26.0 

5.0 

Clear  liquid 

520 

69.0 

21.0 

10.0 

Clear  liquid 

521 

69.0 

16.0 

15.0 

Clear  liquid 

522 

69.0 

11.0 

20.0 

Clear  liquid 

523 

69.0 

6.0 

25.0 

Cleau*  llqxild 

524 

69.0 

3.0 

28.0 

Clear  liquid 

525 

67.0 

31.0 

2.0 

Clear  liquid 

526 

67.0 

28.0 

5.0 

Clear  llqvild 

527 

67.0 

23.0 

10.0 

Clear  liquid 

528 

67.0 

18.0 

15.0 

Clear  liquid 

529 

67.0 

13.0 

20.0 

Clear  liquid 

530 

67.0 

8.0 

25.0 

Clear  liquid 

531 

65.0 

33.0 

2.0 

Solid 

532 

65.0 

30.0 

5.0 

Clear  liquid 

533 

65.0 

25.0 

10.0 

Clecur  liquid 

534 

65.0 

20.0 

15.0 

Solid 

535 

65.0 

15.0 

20.0 

Solid 

536 

65.0 

10.0 

25.0 

Liquid 
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APPKHDIX  C 

COOLIKG-CURVE  RESULTS 


Table  XXV.  Intermediate  Results  on  Screening  of  Systems 
ty  Cooling-Curve  Analysis  . 


^Btem 

Run 

No. 

CaClA 

{ff 

Water 

{f) 

Appearance 
of  Crystals 

J®  FA 

Apparent 
Eutectic 
Temp.  (®  P) 

Calcium  chloride/ 

7A&7B 

26.5 

70.0 

-44 

-62 

magnesium 

12A 

lh.5 

68.5 

-10 

chloride /water 

13 

8.0 

82.5 

+  4 

16 

25.0 

69.0 

-43 

-62 

21.0 

71.5 

-56 

-61 

Calcium  chloride/ 

39 

16.5 

71.0 

-46 

ferric  chloride/ 

Uo 

h.O 

7h.O 

-36 

water 

k6 

26.0 

67.5 

-60 

-64 

hi 

0.0 

7h.5 

-26 

None  observed 

h7 

13.0 

67.5 

-70 

-70 

U9 

12.5 

67.0 

-67 

None  observed 

50 

12.0 

67.0 

-67 

None  observed 

51 

9.0 

67.0 

-66 

Calcium  chloride/ 

25 

20.0 

73.0 

-61 

sodium  chlorlde/vater 

Calcium  chloride/ 

22 

20.0 

50.0 

None  observed 

zinc  chloride/water 

Magnesium 

20 

30  . 

lactate/water 

Calcium  lactate/ 

21 

30 

water 

Calcium  chloride/ 

31,32 

22.5 

64.5 

-56 

calcium  nitrate/ 

28 

33.5 

52.0 

Solid  at  -54 

water 

33 

26.5 

65.5 

-60 

-74 

3h 

3h.5 

60.0 

+10 

35 

29.0 

64.0 

-65 

-67 

36 

30.0 

66.5 

-58 

-66 

37 

26.5 

65.5 

-61 

-73 

38 

23.5 

69.5 

-36 

-73 

Calclma  chloride/ 

52 

28.5 

65.0 

-64 

-64 

calcium  bromide /water 
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Table  XXV  (cont'd) 


Calcium  chloride  17 


Sodium  lactate/ 
water 

18 

0.0 

Calcium  chloride/ 

53 

22.0 

magnesium  nitrate/ 

5^^ 

26.0 

water 

55 

28.0 

56 

26.0 

59 

24. 0 

Ced.clum  chloride/ 

60 

22.5 

aluminum  chloride/ 

61 

25.5 

water 

6h 

22.5 

77 

25.5 

Calcium  chloride/ 

73 

28.5 

aluminum  nitrate/ 

Ik 

29.5 

water 

75 

27>5 

76 

29.5 

78 

29.5 

Calcium  chloride/ 

79 

26.0 

zinc  nitrate/water 

80 

29.0 

Calcium  chloride/ 

81 

28.0 

zinc  bromide/water 

82 

30.0 

CeQ.clum  chloride/ 

84 

25.0 

lithium  chloride/ 

91 

6.0 

water 

92 

9.5 

Ceilclum  chloride/ 

85 

26.0 

lithium  bromide/ 
water 

86 

26.0 

C6d.clum  chloride/ 

87 

26.0 

cupric  nitrate/ 
water 

88 

28.5 

Lithium  chloride/ 
water 

0.0 

No  definite 
tenqperature  of 
solldlf  ledtloa . 
Very  vIbcotu  at 
low  temperature. 


40.0 

None  observed 

67.5 

-42 

-66 

67.5 

-50 

-76 

67.5 

-61 

-67.5 

67.5 

-47 

67.5 

-44 

-68 

72.0 

-52 

-66 

70.5 

-60 

-63 

70.5 

-68 

-68 

69.5 

-63 

-63 

66.0 

-65 

73 

66.5 

-62 

74 

65.5 

-65 

75 

66.5 

-65 

76 

67.5 

-56 

78 

66.0 

-28 

67.0 

-48 

-66 

64.0 

-57 

-68 

65.5 

-60 

-63 

67.5 

-68 

-68 

68.0  None 

observed  None  observed 

68.0  None 

observed  None  observed 

66.0 

-74 

66.0 

-73 

67.0 

-38 

67.0 

-48 

-65 

70.0  None  observed  None  observed 


89 


APPENDIX  D 


CORROSION  RESULTS 


Table  XXVI .  Corrosion  Data  and  Calculated  Penetration  Rate 


Specimen 

No. 

Formu¬ 

lation 

pH 

Corroded 

Area. 

ln2' 

Time  of 
Contact 

(days) 

Loss  In 
Weight 
(Mg) _ 

Mils 

Per 

Year* 

Average 

a.  1 

3AE  1020  Steel. 

Density  128  gm/cu  In. 

1 

• 

1 

6.6 

2.00 

33 

26.4 

1.14 

) 

1.37 

2 

1 

6.6 

2.00 

33 

36.7 

1.59 

) 

3 

l(lnh) 

6.7 

2.00 

33 

23.2 

1.00 

) 

0.7 

k 

l(lnh) 

6.7 

2.00 

33 

9.2 

0.4 

) 

5 

2 

5.0 

2.00 

33 

19.6 

0.84 

) 

0.97 

6 

2 

5.0 

2.00 

33 

25.2 

1.09 

) 

7 

2(lnh) 

5.2 

2.13 

33 

10.2 

0.4l 

) 

0.43 

8 

2(lnh) 

5.2 

2.13 

33 

10.8 

0.44 

) 

9 

3 

4.8 

2.00 

21 

22.4 

1.53 

) 

1.73 

10 

3 

4.8 

2.00 

21 

28.4 

1.93 

) 

11 

3(lnh) 

4.8 

2.00 

21 

14.7 

1.00 

) 

1.17 

12 

3(inh) 

4.8 

2.00 

21 

19.7 

1.34 

) 

13 

Control 

5.6 

2.00 

33 

67.8 

2.92 

) 

2.32 

14 

Control 

5.6 

2.00 

33 

39.5 

1.71 

) 

15 

4 

0.5 

2.20 

6 

651.8 

l4l 

) 

141.5 

16 

4 

0.5 

2.20 

6 

656.2 

142 

) 

b.  Electrolytic  Copper.  Density  l40  ggn/cu  In. 


1 

1 

6.6 

2.00 

33 

40.2 

1.58  ) 

1.53 

2 

1 

6.6 

2.00 

33 

37.5 

1.48  ) 

3 

l(lnh)* 

6.7 

2.00 

33 

23.2 

0.92  ) 

1.07 

4 

l(lnh) 

6.7 

2.00 

33 

30.9 

1.22  ) 

5 

2 

5.0 

2.00 

33 

29.1 

1.15  ) 

1.22 

6 

2 

5.0 

2.00 

33 

32.5 

1.28  ) 
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Table  XXVI  (cont'd) 

_ 1 


7 

2(lnh) 

5.2 

2.00 

33 

14.1 

0.56  ) 

8 

2(lnh) 

5.2 

2.00 

33 

13.1 

0.52  ) 

9 

3 

k.Q 

2.00 

21 

17.8 

l.U  ) 

1.03 

10 

3 

k.a 

2.00 

21 

15.3 

0.95  ) 

U 

3(inh) 

k.Q 

2.00 

21 

13.7 

0.85  ) 

.78 

12 

3{inh) 

k.Q 

2.00 

21 

11.5 

0.71  ) 

13 

Control 

5.6 

2.00 

33 

24.8 

0,98  ) 

.99  c 

Ik 

Control 

5.6 

2.00 

33 

25.0 

0.99  ) 

15 

k 

0.5 

2.00 

6 

1348.2 

293.00  ) 

291.50 

16 

k 

0.5 

2.00 

6 

1338.4 

290.00  ) 

c. 

Brass  (Alloy  6, 

ASTM  B36-49T), 

Density  134  gm/cu  in. 

1 

1 

6.6 

2.19 

33 

33.0 

1.24  ) 

1.22 

2 

1 

6.6 

1.80 

33 

25.8 

1.19  ) 

3 

l(inh) 

6.7 

2.00 

33 

5.5 

0.23  ) 

.26 

k 

l(inh) 

6.7 

2.00 

33 

6.8 

0.28  ) 

5 

2 

5.0 

2.06 

33 

24.9 

1.00  ) 

.94 

6 

2 

5.0 

2.06 

33 

21.8 

0.87  ) 

7 

2(inh) 

5.2 

2.00 

33- 

7.8 

0.32  ) 

.35 

8 

2(inh) 

5-2 

2.00 

33 

9.3 

0.38  ) 

9 

3 

4.8 

2.00 

21 

16.4 

1.07  ) 

1.09 

10 

3 

4,8 

2.00 

21 

17.0 

1.11  ) 

11 

3(inh) 

4.8 

2.00 

21, 

13.6 

0,88  ) 

.84 

12 

3(inh) 

4.8 

2.00 

21 

12.2 

0.79  ) 

13 

k 

0.5 

2.10 

6 

962.1 

208.00  ) 

209.00 

Ik 

k 

0.5 

2.10 

6 

968.5 

210.00  ) 

d.  6lS  Aluminum, 

Density  44.3  gm/cu. 

in. 

1 

1 

6.6 

1.94 

33 

6.3 

0.81  ) 

.78 

2 

1 

6.6 

1.94 

33 

5.6 

0.74  ) 

3 

l(inh) 

6.7 

2.88 

33 

0.5 

0.07  ) 

.07 

4 

l(lnh) 

6.7 

1.88 

33 

0.5 

0.07  ) 
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Table  XXVI  (cont'd) 


5 

2 

5.0 

2.00 

33 

3.*^ 

1^.3  ) 

4*2 

6 

2 

5.0 

2.00 

33 

3.3 

4.1  ) 

7 

2(inh) 

5.2 

1.88 

33 

0.3 

0.04  ) 

.02 

8 

2(lnh) 

5.2 

1.88 

33 

0.0 

0.00  ) 

9 

3 

4.8 

1.94 

21 

7.6 

1.54  ) 

1.47 

10 

3 

a 

4.8 

1.94 

21 

6.9 

1.39 ) 

11 

3(inh) 

4.8 

1.94 

21 

0.0 

0.00  ) 

.09 

12 

3(inlx) 

4.8 

1.94 

21 

0.-9 

0.18  ) 

13 

4 

0.5 

2.13 

6 

384.4 

248.00  ) 

14 

4 

0.5 

2.13 

6 

507.1 

327.00  )  ‘i07.5g 

e.  Commercially  Pure  Zinc, 

Density  110  gm/cu  In. 

1 

1 

6.6 

1.88 

33 

39.7 

2.12  ) 

2.U 

2 

1 

6.6 

1.88 

33 

39.*^ 

2.10  ) 

3 

l(lnh) 

6.7 

1.88 

33 

10.9 

0.58  ) 

0.41 

4 

l(inh) 

6.7 

1.88 

33 

4.4 

0.24  ) 

5 

2 

5.0 

1.94 

33 

46.2 

2.40  ) 

2.44 

6 

2 

5.0 

1.88 

33 

46.1 

2.47  ) 

7 

2(lnh) 

5.2 

1.88 

33 

V.9 

0.26  ) 

0.26 

8 

2(lnh) 

5.2 

1.94 

33 

5.0 

0.26  ) 

9 

• 

3 

4.8 

2.00 

21 

66.9 

5.28  ) 

10.70 

10 

3 

4.8 

1.94 

21 

197.3 

16.10  ) 

11 

3(inh) 

4.8 

2.00 

21 

78.9 

6.22  ) 

5.19 

12 

3(inh) 

4.8 

1.94 

21 

51.1 

4.16  ) 

13 

4 

0.5 

6 

very 

14 

4 

0.5 

- 

6 

- 

- 

hl^ 

f. 

3S  Magnesium,  Density  28.8  gm/cu 

Irie 

1 

1 

6.6 

2.00  * 

33 

425.3 

81.0  ) 

62-1 

2 

1 

6.6 

super¬ 

ficial 

33 

225.7 

43.2  ) 

area 

3 

l(lnh) 

6.7 

II 

33 

55.8 

1.08  ) 

0.73 

4 

l(lnh) 

6.7 

II 

33 

19.5 

0.38  ) 
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Table  XXVI  (coat’d) 


5 

2 

5.0 

super¬ 

6 

2 

5.0 

ficial 

area 

7 

2(lnh) 

5.2 

tt 

8 

2(lnh) 

5.2 

ff 

9 

3 

4.8 

• 

10 

3 

4.8 

•t 

11 

3(lnh) 

4.8 

ti 

12 

3(inh) 

4.8 

tt 

13 

k 

0.5 

tt 

'li^ 

4 

0.5 

tt 

33 

59.1 

1.14 

) 

1.81 

33 

129.1 

2.48 

) 

33 

21.2 

0.41 

) 

0.44 

33 

23.8 

0.46 

) 

21 

m 

- 

very 

21 

m 

- 

high 

21 

76.5 

23.1 

) 

17.9 

21 

41.6 

12.6 

) 

6 

• 

very 

6 

- 

- 

high 

NOTE: 

-ihiills  per  year= 


_ (loss  In  velgfat,  mg.) _ 

(time  of  contact  .da.)  (corroded  area,ln^)  (density, gms/in^) 
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APPIBDIX  B 

SUMfABY  OF  aiALL  FIBE  TESTS 


Investigator 

Crlh  Specifications 

Crib  Support 

Folke  et  al 
(31) 

• 

a.  88  pounds  of  6-  by  1- 
by  1-lnch  sticks  dis¬ 
posed  at  random. 

b.  l8  pieces  of  6-  by  1- 
by  1-inch  (900  gram); 
six  lexers  of  three 
sticks . 

a.  Wire  beusket. 

b.  Stationary  platform. 

Metz  (23) 

38  pieces  of  24-  by  1^- 
by  1^-inch  (18.3  ^  0.7 
kg);  l4  layers  of  2,  3, 
or  4  sticks. 

Stationary  platform 
(perforated  iron  drum) . 

Tyner  (24) 

18  pieces  of  6-  by  1-  by  • 
1-inch  (990  gram,  55  g  i 
10j(  per  stick);  six  lay¬ 
ers  of  three  sticks. 

Stationary  platform 
(wire  screen). 

Bryan  and 
Smith  (25) 

180  pieces  of  24-  by  2- 
by  2-lnch  (100  pounds); 

60  layers  of  three  sticks. 

Rotating  platform  (10 
rpm) .  Steel  rods 
throu^  sticks. 

USAERDL 

27  pieces  of  7-7/8-  by 

1-  by  3/4-inch  (approxi¬ 
mately  2.2  pounds);  seven 
layers  of  three  sticks. 

Rotating  platform  (10 
rpm). 

Investigator 

Ignition 

Draft 

Folke  et  al 

Dish  of  benzene. 

Natural. 

Metz 

Wood,  wool,  and  petrol¬ 
eum.  Buxning  time 
approximately  5  minutes. 

Forced  (lO  ft/sec). 

• 

Tyner 

TlrrlU  gets  burners. 

Burning  time  1  minute  at 
constsuit  gas  pressure. 

Natural  smd  forced  (up 
to  15  n^). 

Bxyan  and 
Smith 

Wood,  wool,  and  small 
pieces  of  wood.  Burning 
time  ^  minutes . 

Natural . 

USAEBDL 

Qas  Burners .  Burning 
time  8^  seconds  at  U 

Inch  H2O  gas  pressure. 

Forced  (approximately 

400  ft/mln ) . 

Investigator 

Time  of 

Solution  Application 

Application  of  Solution 

Folke  et  al 

After  50  755^  of  wood 

burned. 

High  and  low  pressure 

Jets  operated  manually. 

Metz 

After  6  minutes  of 
burning. 

1  mm.  glass  nozzle  at 
Initial  rate  of  500  cc/ 
min .  Contlnvious  spray 
operated  manually  at 
huid  pump  pressure. 

Tyner 

After  50?t  of  wood  burned. 

Calibrated  glass  nozzles 
(usvial  rate  -  26  cc/mln). 
Continuous  spray  operated 
manually  at  2  pslg. 

Bryan  and 
Smith 

After  4  and  6  minutes 
of  bvimlng. 

CsLllbrated  glass  nozzle 
which  moved  up  and  down 
(rate  from  O.05  to  0.5 
gal . /min . ) .  Intermit - 
tent  and  continuous  spray 
at  25  pslg. 

USAERDL 

After  4056  of  wood 
burned. 

CaJLlbrated  Industrial- 
type  nozzle  (rates  from 
1.1  to  4.0  gal/hr). 
Continuous  spray  at  40 
pslg. 

Investigator 

Observation 

Measurements 

Folhe  et  al 

Eniber  extinction 
(vlsvial) . 

Crib  weight  by  balance; 
time  and  qviantlty  of 
solution. 

Metz 

Ember  extinction 
(visual) . 

Time  and  quantity  of 
solution. 
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Tyner 

Flame  and  emiber  extinc¬ 
tion  (vlaiial). 

Crib  vel^t  by  balance; 
time  and  quantity  of 
solution. 

Biyan  and 
Smith 

Qnber  extinction  (gener¬ 
ally  determined  from  the 
recording  eyatem  chart). 

Hydraiilic  system  con¬ 
nected  to  a  recording 
system  (read  time  and 
crib  \nlgxt  off  of  chart); 
quantity  of  solution. 

USAEIIDL 

Ember  extinction  (vlaual). 

Crib  weight  by  balance; 
time  and  quantity  of 
solution. 

Investigator 

Superiority  Factor 

Folks  et  al 

None. 

Metz 

None  (can  determine  ratio  of  volumes  of  water  and 
solution  required  at  given  application  rates  from 
resiilts  given). 

Tyner 

Ratio  of  volumes  of  water  and  solution  required  at 
given  application  rate. 

Bryan  and 
Smith 

a.  Ratio  of  volumes  of  water  and  solution  required 
at  given  application  rate. 

b.  Ratio  of  volumes  required  In  a  given  time  for 
extinction. 

USAERDL 

Ratio  of  volumes  required  In  a  given  time. 
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